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Abstract 
 
TFIIB is a component of the minimal eukaryotic as well as the archaeal transcriptional 
machinery that is essential for promoter-directed transcription. The flexible linker 
domain of the protein engages in an intimate association with the RNA polymerase 
surface. Early structural data suggested that the linker forms a finger-like structure (the 
‘B-finger’) within the RNA exit channel projecting into the active centre. Biochemical 
data indicated a contribution of the archaeal ‘B-finger’ domain to the catalytic 
mechanism by stimulating abortive transcription. The path of the linker within the RNA 
polymerase catalytic centre has recently been re-assessed and residues of the original B-
finger were re-assigned to structural elements named ‘B-reader helix’ and ‘B-reader 
loop’.  
 
Novel high-throughput tools, in combination with a comprehensive mutagenesis screen 
of residues E78 to A95, facilitated the biochemical evaluation of structural-functional 
relationships of the M. jannaschii TFIIB linker – RNAP interface at a single residue 
resolution. The performance of such point mutants during abortive initiation and RNA 
polymerase recruitment was interpreted in light of structural information.  
 
The tip region of the ‘B-finger’ that was predicted to be closest to the active site was 
insensitive to mutations in abortive initiation assays, thus disproving the original model. 
Individual residues, forming part of the B-reader helix and the C-terminal half of the B-
reader loop, were found to engage in abortive transcription. Three-residue deletions 
within the N-terminal half of the B-reader loop resulted in super-stimulation of abortive 
transcription. Individual point mutations within the B-reader loop led to enhanced 
recruitment of RNA polymerase. A functional role of the loop in stabilizing TFIIB-
RNA polymerase-DNA complexes in both the absence and presence of TBP seems 
feasible. 
 
The combined data provide a detailed view of biochemical functions of individual 
residues of the TFIIB linker favouring the ‘B-reader’ model over the ‘B-finger’ model. 
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Chapter 1:      Introduction 
 
1.1 Prologue 
The central dogma of biology describes – in brief and at a cellular level – the 
information flow from DNA to protein within any organism. Genetic information is 
stored as double-stranded DNA. Upon cell division, DNA is replicated, i.e. an identical 
copy is created from each of the two strands in a semi-conservative manner. The 
generation of proteins occurs in a two-stage process. First, an RNA copy is produced 
from a DNA template in a process called ‘transcription’. Second, sets of three bases 
(‘codons’) are translated into amino acids which ultimately form the primary sequence 
of a protein.  
Transcription is thus the key process that makes genetic information available. It is, 
however, essential that genes in different cells are not transcribed at all times and 
everywhere. Several layers of regulation ensure that gene expression occurs in a highly 
sophisticated pattern. The basal transcription machinery acts at the core of transcription 
and is required to carry out all the fundamental steps of a transcription cycle. Numerous 
types of repressors and activators collaborating in a complex network are capable of 
stimulating or suppressing transcription in a context-dependent manner. Such contexts 
can be developmental, tissue-specific or a response to environmental stimuli. Finally, 
epigenetic mechanisms form the third layer of regulation: these are permanent and 
heritable changes to the transcription pattern of a cell without changing the actual gene 
sequence. Such epigenetic mechanisms include chromatin modifications that alter the 
chromatin compaction status, making a gene promoter more or less accessible to the 
transcription machinery. Recently, mechanisms involving small RNA species have been 
added to the toolbox of epigenetics. The second and third layers of regulation act via the 
basal transcriptional machinery the key players of which form an important hub onto 
which multiple signals converge. To fully appreciate the complexity of the entire 
transcriptional machinery, it is essential to understand the complicated processes 
happening at its centre. Being a vital cellular process, in vivo approaches to study 
transcription are often insufficient. For this reason, a defined in vitro system is much 
more amenable to investigate basic interaction mechanisms.  
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1.2 Key stages of transcription  
The basic steps of transcription – though variable in their finer details – are universal in 
the three domains of life (bacteria, archaea, eukaryotes). RNA polymerases (RNAPs) 
use rNTPs as building blocks to synthesize RNA from a DNA template (see 1.3). This 
process is fundamental to express genetic information in a tightly regulated manner. 
Although RNAPs are at the core of transcription, they cannot function autonomously, 
and require the aid of basal transcription factors. These factors guarantee a basal level of 
transcription (see 1.4). The transcription cycle is a multi-step process which can be 
broadly divided into three stages (Figure 1.1), namely i) initiation, ii) elongation, and 
iii) termination (reviewed in Borukhov and Nudler, 2008).  
Chapter 1: Introduction 
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Figure 1.1: Transcription cycle. 
The transcription cycle can be divided into three stages – initiation, elongation and termination. The 
initiation phase can be further subdivided into the stages of PIC assembly (binding of transcription factors 
and RNAP to promoter DNA; termed closed complex formation), promoter melting (open complex 
formation), abortive transcription and finally promoter escape. Generation of full length transcripts 
happens in the elongation phase. In the termination phase a termination signal and/or termination factors 
mediate dissociation of the components of the transcribing complex. RNAP is then free to bind another 
transcription factor and a new round of transcription can occur. 
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1.2.1 Initiation 
Transcription initiation is the most highly regulated of the three stages with a number of 
events required to occur prior to full length transcript production. First, a preinitiation 
complex (PIC) consisting of a defined set of basal transcription factors assembles at the 
promoter of a gene. RNAP is recruited by basal transcription factors (Reese, 2003) 
(1.4.5). The initial ‘set’ of transcription components at the promoter of a non-melted 
template is referred to as ‘closed complex’ (Buratowski et al., 1991; McClure, 1985; 
Walter et al., 1967). The entire complex as well as RNAP itself must undergo a series of 
structural rearrangements that ultimately lead to template melting and formation of the 
transcription bubble (Chen and Hampsey, 2004). Loading of DNA within the active site 
accompanies ‘open complex’ formation (Buratowski et al., 1991; McClure, 1985; 
Walter et al., 1967) (1.4.6). The initial phase of transcription is inefficient and error-
prone yielding short transcripts of 8 to 11nt in length, termed ‘abortive initiation’ 
(Artsimovitch and Vassylyev, 2006; Carpousis and Gralla, 1980; Cheetham et al., 1999; 
Gnatt et al., 2001; Kapanidis et al., 2006; Krummel and Chamberlin, 1989; Revyakin et 
al., 2006) (see 1.4.7). Further structural rearrangements result in promoter escape and 
finally RNAP enters the elongation phase (Orphanides and Reinberg, 2002) (see 1.4.8). 
The mechanistic details of transcription initiation (i.e. formation of a promoter 
complexes and structural rearrangements required to establish the transcription bubble 
and to make RNAP competent for transcription) are fundamental and follow the same 
molecular principles in bacteria, archaea and eukaryotes (reviewed in Ebright, 2000). 
The type and number of factors required for transcription initiation however, differs 
among each domain of life (see 1.4). In a similar way, the energy requirements for 
template melting are different: whereas archaeal RNAPs and bacterial σ70-holoenzymes 
(1.4.1) solely rely on thermal fluctuation and free energy stored in the enzyme to break 
DNA bonds (Borukhov and Nudler, 2008), eukaryotic RNAP II and bacterial σ54-
holoenzymes (see 1.4.1) depend on the hydrolysis of NTPs by activator molecules 
(Buck et al., 2000; Lin et al., 2005). 
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1.2.2 Elongation 
All RNAPs proceed into the 5’Æ3’ direction, their polymerization speeds however, 
vary substantially, and seem to be both organism- and template-dependent: e.g. E. coli 
rRNA genes are transcribed at about 80nt/sec, protein coding genes are transcribed at 
only 40nt/sec (Vogel and Jensen, 1994). This is still considerably faster than rates 
achieved by eukaryotic RNAP which are in the range of 1.7 to 33nt/sec (Shilatifard et 
al., 2003). The difference in speed between bacterial and eukaryotic RNAPs can be 
explained by the presence of chromatin in eukaryotes since chromatin-remodelling 
slows down transcription to a considerable extent. Considering that histones exist in 
archaea as well (Geiduschek and Ouhammouch, 2005), it seems likely that transcription 
speed and the process of elongation are features that are shared by archaea and 
eukaryotes.  
 
1.2.3 Termination  
Termination of transcription can depend on termination factors, termination signals or a 
combination of the two. Termination signals can either serve as a platform for the 
recruitment of termination factors or may lead to the formation of a hairpin like 
structure that seems to promote termination (Reiter et al., 1988; Santangelo and Reeve, 
2006). Eukaryotic transcription termination involves a complex configuration of 
termination and RNA processing factors (West et al., 2008) that are absent in archaea 
(Santangelo and Reeve, 2006). The quick release of transcription factors, RNA and 
RNAP from the DNA template upon termination allows re-initiation (Borukhov and 
Nudler, 2008).  
 
1.3 RNAP  
1.3.1 Different types of RNAP share a common overall structure. 
Bacterial and archaeal transcription systems employ a single type of RNAP. Eukaryotic 
cells on the other hand contain a number of RNAP species (reviewed in Cramer et al., 
2008). The three predominant forms of eukaryotic RNAPs are RNAP I, RNAP II, and 
RNAP III – named according to their chromatographic fractionation (Roeder and Rutter, 
1969). The presence of different types of RNAPs within a single cell results in the 
division of labour and gene-specificity: RNAP I is mainly responsible for the 
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transcription of ribosomal RNA, RNAP II for the transcription of messenger RNA, and 
RNAP III for the transcription of transfer RNAs and other species of small RNAs (e.g. 
Cramer, 2002). A different model of gene specificity is found in bacteria where a range 
of alternative σ factors recruit RNAP to certain promoters in response to environmental 
stimuli (Buck et al., 2000; Mooney et al., 2005; Wigneshweraraj et al., 2008) (see 
1.4.1). In archaea, a homologue of transcription factor TFIIE (1.4.3) mediates 
transcription from certain promoters. Additionally, some archaea contain several 
homologues of TBP and TFIIB (1.4.3) that may bind to alternative promoters (Bell and 
Jackson, 2001). 
RNAPs in all three domains of life (bacteria, archaea, and eukaryotes) are complex 
multisubunit enzymes sharing a ‘crab claw’-like structure (Figure 1.2). Unlike bacterial 
RNAPs, archaeal RNAP and eukaryotic RNAP II also feature a ‘stalk’ structure 
consisting of subunits E/F (archaea) or RPB4/7 (eukaryotes) (Hirata et al., 2008; 
Werner, 2008) (Figure 1.2). The crucial structural (and functional) characteristics are 
maintained throughout all RNAP species, whereas surface structures can be variable 
(Hirata et al., 2008). 
Chapter 1: Introduction 
 23
 
Figure 1.2: RNAP molecules from all domains of life share a crab-claw like structure. 
In multisubunit RNAPs (bacteria, archaea, eukaryotes) the two largest subunits compose the pincers of 
the crab-claw shape. Archaeal RNAP and eukaryotic RNAP II show the most striking similarities in terms 
of sequence layout. Red arrows indicate the cleft of each RNAP (PDB codes: T. thermophilus RNAP: 
1IW7; S. solfataricus RNAP: 2PMZ; S. cerevisiae RNAP II: 2B8K).  
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1.3.2 Eukaryotic, archaeal, and bacterial RNAPs are multisubunit enzymes. 
RNAP subunits fall into three categories: 
Assembly of RNAP requires an initial platform consisting of a set of smaller subunits, 
for the larger subunits to engage in the appropriate protein-protein interactions to form a 
stable and catalytically active complex in vitro (Werner and Weinzierl, 2002) (Figure 
1.3, green subunits). In bacteria, the two α subunits fulfil this role (Hirata et al., 2008; 
Werner, 2007). In eukaryotes, the assembly platform is formed by subunits RPB3 and 
RPB11 (equivalent of the bacterial α subunits). In archaeal homologues this is achieved 
by subunits D and L (equivalent of RPB3, PRB11, and the α subunits) (Werner, 2007; 
Werner and Weinzierl, 2002). Subunits N and P, the counterparts of eukaryotic RPB10 
and RPB12, respectively, have all been shown to positively influence both the assembly 
reaction and the catalytic activity of the enzyme, probably by stabilizing protein-protein 
interactions (Werner and Weinzierl, 2002). 
The large catalytic subunits, i.e. β and β’ in bacteria and RPB1 and RPB2 in eukaryotes 
form the catalytic RNAP core. In archaea, the respective counterparts are split in two, so 
the catalytic subunits are represented by A’/A’’ and B’/B’’ (e.g. M. jannaschii) or 
A’/A’’ and B (e.g. P. furiosus). All these subunits share a substantial degree of structure 
and sequence conservation (Cramer, 2002; Darst, 2001; Werner, 2007). Essentially, the 
catalytic subunits compose the two pincers of the crab-claw (Figure 1.3, red/yellow 
subunits). They form a cleft in which the active centre containing at least one Mg2+ ion 
is located (Werner, 2007). Apart from coordinating these catalytically important 
magnesium ions, the active centre also contains the bridge helix and the trigger loop 
which are indispensable for the nucleotide addition cycle (Cramer et al., 2008; Tan et 
al., 2008; Werner, 2008). The DNA template strand enters RNAP through the wider end 
of the cleft (Figure 1.2). A funnel or pore is located at the enzyme floor allowing entry 
of NTPs. The RNA exit channel rises from the active centre at a ~ 90° angle. This is 
where nascent transcripts leave the enzyme (Chen et al., 2008; Darst, 2001; Ebright, 
2000). A more detailed overview on functionally important active centre domains will 
be presented in section 1.3.4. 
A third group of subunits is referred to as ‘auxiliary factors’ (Figure 1.3, blue subunits). 
These are responsible for specialized functions. Only one auxiliary factor, ω, can be 
found in bacterial RNAP (reviewed in Werner, 2007). Additionally, bacterial RNAPs 
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require σ-factors (1.4.1). Both archaea and eukaryotes have acquired additional 
auxiliary factors, namely subunits H, K, F, E, and X in archaea and RPB5, 6, 4, and 7 in 
eukaryotic RNAP II. These auxiliary subunits are responsible for stabilizing interactions 
between nucleic acids and RNAP or between RNAP and transcription factors (Werner, 
2007; Werner and Weinzierl, 2002). In vitro assembly reactions demonstrated that K, E 
and F were not essential for RNAP function (Werner and Weinzierl, 2002). 
Interestingly, subunit X of archaeal RNAPs seems to functionally overlap with 
transcription factor TFIIS and to stimulate transcript cleavage (Werner, 2007) (Figure 
1.3).  
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Figure 1.3: Homology of RNAP subunits and subunit architecture of bacterial, archaeal and 
eukaryotic RNAP II. 
Left: Homologous RNAP subunits are depicted in the same colour shades and are listed in the same row 
of the table. Subunits fulfilling the same function within the RNAP molecule (catalytic core, assembly 
platform, auxiliary factors) are clustered.  
Right: Schematic diagram depicting the subunit organisation of RNAP within bacteria, archaea, and 
eukaryotes (RNAP II). The largest subunits which contain the catalytic determinants are indicated in 
shades of red and yellow, subunits forming the assembly platform are represented in shades of green, and 
auxiliary factors are shown in shades of blue. Solid lines represent strong interactions, dotted lines 
represent weak interactions (based on Cramer, 2002; Nottebaum, 2008; Werner, 2007). 
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1.3.3 RNA polymerization: a conserved mechanism. 
RNAPs of different domains do not only share essential structural characteristics but all 
employ a common mechanism of RNA polymerization (Figure 1.4). This mechanism 
consists of a series of events beginning with the entry of an NTP molecule into the 
active site. A quality control step evaluates if the base-match with the DNA template is 
correct. 
The mechanism of phosphodiester bond formation depends on two magnesium ions 
(metal A and metal B). This two-metal-ion mechanism is common to both protein and 
RNA enzymes performing phosphoryl transfer reactions (Steitz, 1998; Steitz and Steitz, 
1993) and is accordingly shared by all RNAPs. Metal A seems to be permanently 
present in the RNAP active centre whereas metal B seems to escort the incoming 
nucleotide and is coordinated by an invariant aspartate motif (Cramer et al., 2001). The 
two metal ions cooperate in a nucleophilic attack of the 3’OH group on the α-phosphate 
of the incoming nucleotide that leads to the release of pyrophosphate (Doublie and 
Ellenberger, 1998). Briefly, metal A facilitates formation of the attacking 3’ hydroxide 
ion and simultaneously coordinates the α-phosphate of the substrate NTP, whereas 
metal B coordinates all three phosphate groups of the triphosphate (Cramer et al., 2001; 
Steitz and Steitz, 1993). Importantly, both metal ions act in stabilizing the transition 
state of the reaction by counteracting its negative charge (Doublie et al., 1998). At the 
end of the reaction, the RNA transcript is extended by one nucleotide in the 3’ direction 
and pyrophosphate leaves the active centre where it is probably still coordinated by 
metal B (Cramer, 2004; Cramer et al., 2008).   
The nucleotide addition cycle is accompanied by structural rearrangements of the 
RNAP active centre domains, particularly the bridge helix and trigger loop (see 1.3.4).  
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Figure 1.4: Two-metal based mechanism. 
The 3’-OH group is subject to nucleophilic attack by the alpha phosphate of the incoming nucleotide 
triphosphate. Metal B coordinates (and thus stabilises) all three phosphate groups. The two magnesium 
ions are coordinated by acidic residues within the active centre (modified from Castro et al., 2007; Steitz, 
1998; Werner and Weinzierl, 2002).  
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1.3.4 Key players in catalysis: Active centre domains. 
The RNAP active centre comprises a number of flexible domains in order to 
accommodate the structural rearrangements required in the early stages of transcription 
such as template loading, strand separation, maintenance of the transcription bubble and 
reannealing of the DNA strands. Other domains collaborate in the nucleotide addition 
cycle. Active centre domains will here be described in the context of eukaryotic RNAP 
II. However, all these structural features can be found in bacterial, archaeal and 
eukaryotic RNAPs alike (Figure 1.5) (Cramer et al., 2001; Werner, 2007). 
 
Dock domain 
The dock domain (Figure 1.5B) is a feature of RNAP subunit RPB1 (or of A’ in 
archaea, respectively) that overlaps with the RNA exit point and is contacted by the zinc 
ribbon domain of TFIIB (1.5.1) during RNAP recruitment (Chen and Hahn, 2003).  
 
Clamp 
The clamp (Figure 1.5B) is a mobile element that is required for the stable binding of 
downstream duplex DNA during open complex formation and elongation (Borukhov 
and Nudler, 2008). While exposing the DNA binding site in its open state, to allow 
entry and binding of the template strand, closure of the clamp allows transition from 
initiation into elongation (Cramer et al., 2001; Werner, 2007).  
 
 
 
Figure 1.5: Important active centre domains and their position in an elongating complex. (see next 
page): 
A: A number of functional domains collaborate in the active centre to maintain the transcription bubble 
and to facilitate transcription. The lid, zipper, rudder and fork loop domains establish and maintain the 
transcription bubble. Metal A is involved in the catalytic mechanism and the bridge helix facilitates 
transclocation of the DNA template after nucleotide addition (adapted from Gnatt et al., 2001).  
B: Topography of active centre domains based on 1I3Q (Cramer et al., 2001). Mg2+ represents metal A. 
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Figure 1.5: Important active centre domains and their position in an elongating complex. 
for figure legend see previous page.
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Lid 
Mainly based on structural studies, the RNAP lid domain (Figure 1.5 A and B) has been 
proposed to perform a key role in strand separation. It is a loop-like structure that is 
ideally positioned within the RNA exit channel to act as a wedge and separate the DNA 
template strand and the growing nascent transcript. This has been suggested to facilitate 
both release of the nascent transcript, which it guides through the RNA exit channel, 
and the re-annealing of DNA (Westover et al., 2004b). After closer inspection of this 
feature by biochemical means, its actual role has remained difficult to pinpoint. 
Accordingly, lid deletions do not significantly impair the catalytic activity of the 
enzyme (Toulokhonov and Landick, 2006). 
 
Rudder 
The lid and rudder domains are connected to the clamp, and are considered to establish 
the transcription bubble and maintain its upstream end. Rather than being directly 
involved in strand separation, the rudder (Figure 1.5 A and B) has been hypothesized to 
block reassociation of the DNA template and RNA by making contacts with the DNA 
template at positions -9, -10, and potentially -11. The rudder would thus perform a 
major function in stabilizing the transcription bubble (Westover et al., 2004b). 
 
Zipper 
The lid is also believed to function with an additional domain, the zipper (Figure 1.5 A 
and B), to maintain the transcription bubble. It has been speculated that the zipper 
domain’s specific role is to separate the template and non-template DNA strands (Gnatt 
et al., 2001).  
 
Fork loops 
Fork loops are located in the cleft opposite the lid and rudder domains (Figure 1.5A and 
B).  Fork loop 2 is considered to help maintaining the downstream end of the 
transcription bubble whereas fork loop 1, which is absent from bacterial RNAP, would 
stabilise the transcription bubble further upstream (Cramer et al., 2001; Gnatt et al., 
2001). Lid, rudder, zipper and fork loop domains have been proposed to act concertedly 
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in a so-called strand/loop network driving the separation of the DNA-RNA-hybrid 
(Westover et al., 2004b).  
 
Switch domains 
In eukaryotic RNAP the five switch domains (Figure 1.5B) are flexible structures that 
connect the clamp to RPB1 (‘cleft’ region), RPB2 (‘anchor’ region) and RPB6. They 
sense the presence of the RNA-DNA hybrid. By undergoing structural rearrangements 
they are believed to induce clamp closure. RNAP thereby gains processivity and 
progresses into elongation (Cramer et al., 2001; Gnatt et al., 2001; Majovski et al., 
2005).   
 
Active Centre 
As outlined above (see 1.3.3), the two metal-binding sites engage in the two-metal-
based catalytic mechanism that is central to the nucleotide addition cycle. Metal A 
(Figure 1.5 A and B) binds the phosphate group at the 3’-end of the RNA transcript 
between position -1 and +1 whereas metal B coordinates all three phosphate groups of 
the incoming nucleotide and probably guides pyrophosphate out of the active centre 
(Gnatt et al., 2001). 
 
Bridge Helix 
The bridge helix (Figure 1.5A and B) is a highly conserved sequence and is believed to 
interact with the end of the DNA-RNA hybrid (Cramer et al., 2001). Data obtained from 
extensive mutagenesis studies indicated that the bridge helix undergoes a cycle between 
a bent and straight conformation and thereby contributes to the translocation of the 
DNA template (Tan et al., 2008). 
 
Trigger Loop 
The trigger loop (Figure 1.5B) is a flexible domain that can adopt a wide range of 
conformations, and seems to interact with the bridge helix in the nucleotide addition 
cycle consisting of nucleotide selection, nucleotide addition and template translocation 
(Nudler, 2009). Folding of the trigger loop upon nucleotide binding together with the 
switching between kinked and straight conformations of the bridge helix, may lead to 
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transient interactions between these two structures. These seem to facilitate RNAP 
translocation along the DNA template after each nucleotide addition cycle (Tan et al., 
2008; alternative model reviewed in Werner, 2007). 
 
1.4 Basal transcription factors and their contribution to transcription 
initiation. 
1.4.1 σ factors in bacteria. 
σ factors confer gene-specificity upon bacterial RNAP and are indispensable for 
transcription initiation (Mooney et al., 2005). Hence, to a certain extent, they combine 
the roles of basal transcription factors and regulating factors that are found in eukaryotic 
systems. σ factors bind RNAP to form holoenzymes that are capable of promoter-
specific DNA binding. However, whether σ factors are released upon transition into the 
elongation phase is still a matter of debate (obligate release model and stochastic release 
model reviewed in Mooney et al., 2005). σ70 is mainly responsible for the transcription 
of housekeeping genes under optimal conditions. Alternative σ factors provide a means 
for activating more specific sets of genes in response to certain environmental stimuli: 
Heat-shock regulator σ32 triggers the production of factors that stabilise/re-fold proteins, 
σS is required during stationary phase, and σ54 induces the synthesis of factors required 
for the assimilation of nitrogen compounds (Mooney et al., 2005). Due to cycling 
between RNAP binding and release, σ factors are readily exchangeable upon changing 
environmental conditions. The relative amount of σ factors that are present depends on 
synthesis and modifications switching between active and inactive states. Additionally, 
anti-σ-factors are available to sequester particular types of σ-factors (Mooney et al., 
2005).  σ54 represents a distinct class of σ factors the activation of which is dependent 
on a class of specialised proteins termed bacterial enhancer-binding proteins and 
requires nucleotide hydrolysis. This strategy means that the extent of transcriptional 
activity of σ54-regulated promoters can be modulated. In the case of σ54 promoters, 
DNA melting is blocked until ATP is hydrolysed by the enhancer-binding proteins 
(Buck et al., 2000).  
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1.4.2 A complex network of activators and repressors regulates eukaryotic gene 
expression. 
Amongst eukaryotic RNAPs experimental attention has focused on RNAP II which – as 
outlined in 1.3.1 - is required for transcription of protein-coding genes. It is essential for 
cells to tightly regulate protein synthesis and thereby adjust it to changing conditions. 
Environmental cues or developmental programmes in eukaryotic cells act via a complex 
network of activators and repressors. These signals, however, ultimately converge onto 
the basal transcriptional machinery either facilitating or interfering with transcription 
initiation in a number of different ways (Orphanides et al., 1996).  
 
1.4.3 The basal transcription factors. 
Figure 1.6 illustrates the eukaryotic basal transcription factors required to form a PIC 
which will be described below. 
 
TFIID 
TFIID is a multisubunit complex consisting of the TATA-binding protein (TBP) and 
multiple TBP associated factors (TAFs). TBP binds the minor groove of promoter DNA 
at the TATA box reinforcing a kink in the DNA and nucleating PIC assembly. The 
TATA box was the first core promoter element that was identified and is named after its 
TATAAA-consensus sequence. It is located 25-30bp upstream of the transcription start-
site and for a long time has been believed to be an essential feature of a promoter 
(Smale and Kadonaga, 2003). TBP is also important to mediate PIC nucleation in 
eukaryotic RNAP I and III systems (Hernandez, 1993).  A subset of TAFs provide 
contacts with additional promoter elements (Inr and DPE, see 1.4.4), others are a target 
for regulatory factors hence acting as an interface between mechanisms of regulation 
and the basal transcription machinery (Hahn, 2004). 
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Figure 1.6: Eukaryotic basal transcription factors. 
A: Structures of the basal transcription factors required to form a PIC. TFIIA is missing, BC and BN 
represent the C- and N-terminal domains of TFIIB, only the TBP subunit of TFIID but not its TAFs is 
depicted.  
B: Assembly of the transcription factors shown in A in a PIC (A and B modified from Kornberg, 2007). 
C: Schematic diagram of the basal transcription factors forming a PIC. 
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TFIIB 
TFIIB binds TBP, RNAP II and promoter DNA. A ternary complex consisting of TBP, 
TFIIB and promoter DNA serves as an assembly platform for RNAP II and the 
remaining basal factors. Unlike TBP, TFIIB binds asymmetrically thereby conferring 
directionality upon transcription (Hahn, 2004) (a detailed overview on TFIIB structure 
and function is given in section 1.5). Models of RNAP-TFIIB co-complexes indicate 
contributions of TFIIB to distinct steps of transcription initiation (Bushnell et al., 2004; 
Kostrewa et al., 2009; Liu et al., 2009). 
 
TFIIA 
Heterodimeric TFIIA stabilises TBP-DNA binding and actively promotes TBP binding 
to DNA through an anti-repression mechanism (Hahn, 2004; Orphanides et al., 1996). 
 
TFIIE 
TFIIE binds RNAP II independently. It binds in close proximity to the transcription 
start-site and has been suggested to play a role in template melting or stabilisation of the 
transcription bubble (Hahn, 2004). Importantly, TFIIE is also a stimulator of the three 
enzymatic TFIIH activities (see below, Thomas and Chiang, 2006). 
 
TFIIF 
TFIIF functions both as an auxiliary factor to aid RNAP recruitment and as a stabilizing 
factor that enhances interactions between RNAP and other basal transcription factors. It 
also seems to change DNA topology and thereby creates a more favourable template 
(Thomas and Chiang, 2006). 
 
TFIIH 
TFIIH is a multisubunit complex that possesses a range of enzymatic activities, namely 
a DNA-dependent ATPase, an ATP-dependent helicase and a CTD kinase. The ATPase 
activity is indispensable for formation of a stable transcription bubble and in forming 
the first phosphodiester bond. It is also required for promoter clearance. The helicase 
activity is bidirectional, and as such not only crucial for open complex formation but 
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also for DNA repair. The CTD kinase activity phosphorylates the RNAP II C-terminal 
domain (CTD) which is an important prerequisite to allow RNAP to progress into the 
elongation phase (reviewed in Thomas and Chiang, 2006). 
 
1.4.4 Promoter recognition. 
In order to initiate transcription, factors assemble at the promoter of a gene. Eukaryotic 
promoters can be focused or disperse (Juven-Gershon and Kadonaga, 2009). Focused 
promoters have a defined set of promoter elements and are often targeted by regulatory 
control mechanisms. Disperse promoters are often associated with household genes in 
higher eukaryotes and consist of a number of weak transcription start-sites. Frequently, 
disperse promoters are found within CpG islands (Juven-Gershon and Kadonaga, 2009). 
The ‘textbook’ version of eukaryotic class II promoters (i.e. the promoter of a protein-
coding gene that is transcribed by RNAP II) consists of several elements that occur in 
different combinations at different promoters (Figure 1.7B). The TATA-box is located 
approximately 30bp upstream of the transcription start-site and is the best studied 
promoter element (Figure 1.7B) (Juven-Gershon and Kadonaga, 2009). For a long time 
it was considered crucial in facilitating the binding of the TBP subunit of TFIID to the 
promoter, and thus in instigating nucleation of the PIC. Recent findings, however, 
showed that the incidence of TATA-box containing protein coding genes is only 30% in 
the Drosophila genome (Ohler et al., 2002) or even lower in the human genome 
(Gershenzon and Ioshikhes, 2005). Additional elements on either side of the TATA box 
are the upstream and downstream B recognition elements (Figure 1.7B, BREu and 
BREd). Both elements are bound by TFIIB following the initial promoter recognition by 
TBP. Whereas interactions between TFIIB and the downstream BRE are highly specific 
and TBP-dependent, interactions between TFIIB and the upstream BRE are TBP-
independent. The transcription start-site is often located within a pyrimidine-rich 
sequence named the Initiator (Inr) (Figure 1.7B). The DPE (Figure 1.7B, downstream 
promoter element) serves as an additional promoter element downstream of the 
transcription start-site that seems to function in conjunction with the Inr, and is bound 
by TFIID. Recently, additional promoter elements such as the MTE (Figure 1.7B, motif 
ten element) have been observed. Promoter strength is influenced by the deviation of 
promoter element sequences from their consensus (Juven-Gershon and Kadonaga, 2009; 
Thomas and Chiang, 2006).  
Chapter 1: Introduction 
 38
Archaeal genes display a promoter structure that resembles eukaryotic genes with a 
TATA-like element that is located about 30bp upstream of the transcription start-site 
(Figure 1.7A) (Hausner et al., 1991; Reiter et al., 1990). An additional promoter element 
that is reminiscent of eukaryotic promoters is a BRE adjacent to the TATA box at its 
upstream end (Figure 1.7A). This element contains highly conserved base positions that 
make specific contacts with residues of the TFIIB core domain. Additionally, TFIIB 
binds the phosphate backbone of the upstream end of the element. TFIIB also binds 
DNA downstream of the TATA box, yet no significant consensus sequence has 
emerged here. A proximal promoter element (PPE) (Figure 1.7A) directly adjacent to 
the transcription start-site exhibits a weakly conserved consensus sequence. The 
initiator, i.e. the actual transcription start-site harbours a highly conserved T residue at 
the -1 position and an A or G at the +1 position. About 11bp downstream of the 
transcription start-site, a sequence element characterized by a high G/C content can be 
found. In the RNA transcript, this sequence is likely to be involved in ribosomal binding 
(Zhang et al., 2009) (Figure 1.7A). 
Chapter 1: Introduction 
 39
 
 
 
 
 
 
 
 
 
 
Figure 1.7: Promoter structures. 
‘Textbook-versions’ of an archaeal (A) (based on Zhang et al., 2009) and eukaryotic (B) (based on 
Thomas and Chiang, 2006) promoter, showing common elements as well as their sequence conservation. 
The various elements are not obligatory and can be found in various combinations. 
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1.4.5 Two models for PIC assembly. 
Two alternative models to describe PIC assembly at the eukaryotic promoter have been 
developed. In the holoenzyme model, the promoter is assumed to be bound by the TBP 
subunit of TFIID first. Subsequently, RNAP II in a pre-assembled complex with all the 
basal transcription factors as well as with the chromatin-remodelling complexes is 
recruited by TFIID. In the stepwise assembly model, promoter DNA is first bound by 
TBP then TFIIB binds TBP and the DNA on either side of TBP to stabilise the TBP-
DNA complex. This ternary complex is further stabilised by the binding of TFIIA. 
Next, RNAP II in a complex with TFIIF is recruited. Finally, TFIIE and TFIIH 
complete the PIC (Figure 1.8A). The eukaryotic PIC is the target of multiple 
environmental stimuli that influence the rate of transcription. In order to be capable of 
transmitting activating or repressing signals and to allow transcription of chromatin 
templates, eukaryotic PICs are associated with a plethora of co-activators, chromatin-
modifying complexes and an additional large multi-subunit complex called the 
Mediator. The latter responds to forward activating or repressing signals as they occur 
during development or as they are induced by environmental changes to the basal 
transcriptional machinery (Sikorski and Buratowski, 2009). 
 
1.4.6 Promoter melting and open complex formation. 
In eukaryotic PICs, DNA opening (and hence formation of the transcription bubble) 
between positions -9 and +2 is facilitated by the ATP-dependent helicase activity of the 
XPB subunit of TFIIH (Douziech et al., 2000). XPB has been shown to crosslink to 
promoter DNA both within the melted region and either side of it. This strongly 
supports a model according to which the helicase activity unwinds DNA by 
simultaneously binding to at least two separate DNA regions (one of them being the 
unwound region itself). Hydrolysis of the β-γ-phosphoanhydride bond of ATP by TFIIH 
has been shown to be required for additional contacts to be formed between RNAP and 
promoter DNA positions -5 and +1. It has been concluded that the helicase activity of 
XPB is sufficient to bring TFIIH proximal to the template strand. The ATPase activity 
of XPB is then required to induce a conformational change in the molecule, thereby 
pulling the strands further apart and tethering the template strand to the RNAP surface 
(Douziech et al., 2000). ATP hydrolysis is therefore an important prerequisite for open 
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complex formation and is only dispensable when transcription is initiated from 
supercoiled promoters (Holstege and Timmers, 1997). ATP hydrolysis is not required 
for open complex formation by RNAP I and III, archaeal RNAPs or most bacterial 
holoenzymes (except in the case of σ54-RNAP, see 1.4.1). Promoter melting in these 
systems is non-catalytic and temperature-dependent as contacts between RNAPs or σ-
factors need to be established to pull the DNA strands apart (Holstege and Timmers, 
1997). Archaeal RNAPs are capable of promoting strand opening in the absence of ATP 
from any type of promoter DNA. Negatively supercoiled templates are favoured over 
linear templates, though. Further, the presence of ATP does not have any influence on 
the speed of the reaction (Hausner and Thomm, 2001).  
 
1.4.7 Abortive initiation. 
Transcription initiation is characterized by a repetitive cycle of short transcript 
generation (Carpousis and Gralla, 1980; Kapanidis et al., 2006; Revyakin et al., 2006). 
The process during which such transcripts of up to 9-11nt in length (Margeat et al., 
2006; Revyakin et al., 2006) are produced, has been termed ‘abortive cycling’ 
(Carpousis and Gralla, 1980). Abortive transcripts can easily outnumber the full-length 
transcripts produced from a gene (Murakami et al., 2002). Further, a recent publication 
showed that abortive transcription occurs in vivo (Goldman et al., 2009). The reason for 
the occurrence of abortive transcription is to date not completely clear. The most likely 
explanation is that the initiating complex consisting of RNAP, transcription factors and 
DNA template is unstable until a stretch of RNA of sufficient length has been produced 
(Artsimovitch and Vassylyev, 2006; Mentesana et al., 2000). Once the nascent RNA 
transcript has reached a threshold length of 9-11nt, the initiation complex gains stability 
and processivity. It is now able to transition into the elongation phase of transcription 
marked by promoter escape (Margeat et al., 2006).  
Experimental data to assess abortive transcription has been obtained in the bacterial 
system. By FRET analysis and DNA footprinting, it has been shown, that the leading 
edge of RNAP moves relative to downstream DNA whereas the lagging edge remains 
stationary (Margeat et al., 2006). Thus models trying to explain abortive transcription 
have to factor in that only the RNAP active centre yet not the RNAP itself moves 
relative to the DNA template (Revyakin et al., 2006). As such only the ‘DNA 
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scrunching model’ is consistent with the observations and deems the RNAP to be 
stationary whereas the DNA template gets pulled into, and ejected by, the active centre 
(Cheetham et al., 1999; Revyakin et al., 2006). The scrunching model also explains 
DNA unwinding: During thermal breathing of the DNA template, torsional stress is 
created within the region covered by RNAP. The energy stored in the scrunched 
template can be transformed into the force required to break bonds either between the 
nascent RNA transcript and the template DNA, whereby transcription factors remain 
bound and the position of the RNAP remains unchanged. Alternatively, it can break 
bonds between the RNAP and basal transcription factors. The two scenarios are 
mutually exclusive. In the first case, abortive cycling occurs, in the second case, 
transition to full-length transcription occurs (Kapanidis et al., 2006; Straney and 
Crothers, 1987). 
 
1.4.8 Transition to full-length transcript production. 
Upon reaching a certain length of nascent RNA transcript, transition to full-length 
transcription can occur. This is accompanied by movement of the melted region and the 
subsequent sliding of RNAP along the template. This transition is referred to as 
promoter clearance (Bell et al., 2001). Dramatic structural rearrangements within the 
RNAP accommodate this transition. The presence of a stable DNA-RNA hybrid within 
the active centre is communicated to the RNAP clamp domain which closes and 
establishes an elongating-competent environment within the active centre (Cramer et al., 
2001). 
 
1.4.9 Archaea as a model system for transcription initiation. 
Whereas the contribution of basal transcription factors to the early stages of 
transcription (promoter recognition (1.4.4), PIC assembly (1.4.5) and promoter melting 
(1.4.6)) is understood to a reasonable extent, it is less clear what roles they play during 
the later stages of transcription initiation (abortive initiation (1.4.7) and transition to 
elongation (1.4.8)). The complexity of factors in the eukaryotic RNAP II system 
implicates a wealth of overlapping functions and redundancies between individual 
factors. These make it difficult to dissect interactions from a structural-functional 
perspective due to multiple masking effects.  
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Sharing a common ancestor with eukaryotes, archaea presented researchers with a 
simpler model system. These single-celled prokaryotes share many of their cellular and 
metabolic features with bacteria yet their transcriptional machineries are much more 
akin to eukaryotes (Ouhammouch, 2004; Werner, 2008). Some of them live in extreme 
environments surviving e.g. high temperatures, high pressure, the absence of oxygen or 
high salt concentrations. This lifestyle accounts for the robustness of the archaeal 
system that makes it less sensitive to environmental fluctuations and interfering factors 
and hence more accessible to technical operations than the eukaryotic system. As a 
model system of eukaryotic RNAP II, M. jannaschii RNAP combines the existence of 
all major mechanisms and structures within a highly simplified setup in terms of the 
transcriptional machinery. Fundamental mechanisms can thus be identified more 
conveniently (Bell et al., 2001). The successful in vitro assembly of recombinant 
archaeal RNAP subunits made this enzyme a useful tool to assess different enzymatic 
aspects of transcription biochemically (Werner and Weinzierl, 2002, 2005). Archaeal 
basal transcription factors are orthologous both in structure and in function to their 
eukaryotic counterparts. To be highlighted in this context are TBP (orthologous to the 
TATA-binding protein (TBP) subunit of the eukaryotic TFIID complex) and TFIIB 
(orthologous to eukaryotic TFIIB) (Langer et al., 1995). The archaeal transcriptional 
machinery (consisting of homologues of TBP, TFIIB, and RNAP) is proposed to mirror 
the minimal human RNAP II machinery capable of promoter-directed transcription in 
vitro (Bell et al., 2001; Parvin and Sharp, 1993; Tyree et al., 1993). No additional 
factors involved in promoter recognition have been identified in archaeal systems 
(Figure 1.8). Transcription Factor E (TFIIE), another archaeal transcription factor, is not 
essential but stimulates transcription from suboptimal promoters. It is partially 
redundant with TFIIB regarding RNAP recruitment. Its effect, however, is dependent on 
the presence of RNAP subunits E and F (Werner, 2007). The fact that TBP, TFIIB, and 
RNAP are necessary and sufficient to initiate promoter-directed transcription in vitro in 
both the eukaryotic RNAP II system and the archaeal system is indicative of their vital 
importance. Moreover, their structural and functional similarities make the archaeal 
system an ideal model for the delineation of these three factors with experimental 
results being directly applicable to the eukaryotic system. 
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Figure 1.8: PICs of the archaeal transcription system (B) and the eukaryotic RNAP II system II 
(A). 
Factors shared by both systems are depicted in red, transcription factors and co-factors that are specific to 
the eukaryotic system are shown in white. The minimal setup required for promoter-directed transcription 
in either system consists of TBP, TFIIB, and RNAP. In the eukaryotic system, TBP is associated with 
TAFs that function as co-factors. Further co-factors as well as activators or repressors are not shown.   
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1.5 Archaeal TFIIB 
Although the archaeal basal transcriptional machinery is much more amenable for 
experimental investigation (1.4.9) and as such was used to study TFIIB function in the 
work presented here, most of the available data on TFIIB functionality that is currently 
available has been gathered in eukaryotic systems. For this reason and unless stated 
otherwise, the following sections will describe structural and functional properties of 
eukaryotic TFIIB. Due to its high degree of similarity with archaeal TFIIB, these 
findings are essentially applicable to archaeal TFIIB.  
TFIIB is a basal transcription factor that is absolutely essential for promoter-directed 
transcription initiation in both archaeal and eukaryotic RNAP II systems.  
Nomenclature is fairly straightforward in the eukaryotic system. TFIIB simply stands 
for Transcription Factor II B, II referring to the RNAP II system. In the archaeal system, 
the nomenclature is less uniform. The factor was initially named aTFA (archaeal 
transcription factor A; the number is missing since there is only a single RNAP system 
in archaea) but has been renamed aTFB or simply TFB ((archaeal) transcription factor 
B) due to its structural and functional homology to TFIIB (Gohl et al., 1995). In order to 
emphasize the high degree of structural and functional similarity to eukaryotic TFIIB, 
the archaeal protein will hence be referred to as TFIIB. Whenever specific TFIIBs are 
concerned the species will be indicated (e.g. mjTFIIB = M. jannaschii TFIIB). 
 
1.5.1 TFIIB has a tripartite structure. 
TFIIB comprises a tripartite domain structure - an N-terminal zinc ribbon domain and a 
C-terminal core domain which are connected by a flexible linker region (Figure 1.9A). 
Orthologues of TFIIB can be found in all eukaryotic as well as archaeal species. 
Comprehensive sequence alignments of large numbers of TFIIB orthologues from 
different species revealed distinct clusters of conserved residues mainly in the N-
terminal domain that define a Zn-binding motif and in the C-terminus where two cyclin-
folds can be found. Additionally, highly conserved residues can be found within the 
linker region (Figure 1.9B, for full alignment see Appendix, Figure 8.1).  
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Figure 1.9: TFIIB structure and conservation. 
for figure legend see next page. 
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Figure 1.9: TFIIB structure and conservation. (see previous page):  
A: TFIIB tripartite domain structure. The N-terminal zinc-ribbon domain binds to the dock domain of 
RNAP (1PFT) and the core domain contacts TBP as well as promoter DNA (1C9B). The two structured 
domains are connected by a flexible linker. 
B. M. jannaschii TFIIB sequence. Conserved residues are highlighted (conservation according to a 
sequence alignment generated by FRpred, section 3.2). Functional domains as well as important DNA and 
protein binding sites (as detailed in the main text) and secondary structure elements are highlighted. 
 
 
The Zn-ribbon domain. 
In the PIC, the zinc ribbon domain contacts the dock domain on subunit A’ (the Rpb1 
counterpart in archaea). This interface predominantly accounts for the RNAP 
recruitment function of TFIIB (Chen and Hahn, 2004; Werner and Weinzierl, 2005).  
 
The core domain. 
The core domain is highly conserved and has separate motifs for interaction with TBP 
and the BREs on either side of the TATA box. In PICs, the TFIIB core domain also 
contacts RNAP and helps to direct and place the DNA within the RNAP II central cleft 
(Chen and Hahn, 2003; Elsby et al., 2006).  
TFIIB has been considered to be primarily responsible for forming a bridge between the 
TBP bound promoter and RNAP. Together, the three factors form a stable complex that 
is both necessary and sufficient for transcription initiation in a minimal system (Bell et 
al., 2001). Protein-protein interactions between the TFIIB core domain and TBP as well 
as DNA-protein interactions between the TFIIB core domain and the two BREs are 
required to establish TFIIB binding to the promoter (Figure 1.10). Both BREs form part 
of the core promoter that can substantially vary in composition. Accordingly, the 
regulatory or modulating function of the two BREs depend on the core promoter 
composition (Yochum et al., 2007).  
Interactions with BREu are sequence-specific and engage a BH4’-BH5’ HTH-motif of 
the TFIIB core domain, whereas the interaction between BREd and TFIIB occurs 
between the DNA minor groove and the BH2-BH3 loop of the TFIIB core domain 
(Figure 1.9B) (Renfrow et al., 2004; Tsai and Sigler, 2000). Crosslinking experiments 
indicated that additional interactions occur within the transcription bubble, more 
specifically the start-site. It has been reasoned that the N-terminal domain of TFIIB 
must be responsible for binding at this site (Renfrow et al., 2004). 
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Figure 1.10: TFIIB acts as a bridge between TBP/DNA and RNAP. 
TFIIB binds TBP and the two BREs on either side of the TATA box with its core domain. With its Zn-
ribbon domain it recruits RNAP which is otherwise incapable of binding to the promoter. 
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The linker. 
The TFIIB linker region is structurally flexible and has therefore been difficult to 
crystallize. Structural data available to date indicate that a TFIIB linker-RNAP interface 
is established upon formation of the PIC (Bushnell et al., 2004; Kostrewa et al., 2009; 
Liu et al., 2009). Some disagreement, however, exists regarding the accurate positioning 
of the linker on the RNAP surface (see 1.6). In recruitment-independent in vitro 
transcription reactions, mjTFIIB massively stimulates transcription and leads to an 
accumulation of abortive transcripts (Werner and Weinzierl, 2005). It is thus clearly 
engaged in the catalytic mechanism of transcription initiation – a role that is separate 
from its recruitment function. Deletion experiments demonstrated that the stimulatory 
effect of TFIIB is associated with what used to be known as the B-finger domain 
(Werner and Weinzierl, 2005, see 1.6.1). So far, this phenomenon has not been 
observed with TFIIB orthologues of other species, possibly because this effect is 
masked by other basal factors that are required for eukaryotic transcription. The much 
simpler archaeal system therefore is ideal to study this effect. 
 
1.6 TFIIB linker-RNAP interface: models. 
 
1.6.1 Model I: the TFIIB linker domain forms a B-finger structure. 
The linker domain contains highly conserved sequence regions that strongly hint at a 
functional role for this domain.  
Two crystal structures showing the linker region in the context of a yeast RNAP-TFIIB 
co-crystal are currently available at 4.5Å (Bushnell et al., 2004) or 4.3Å (Kostrewa et 
al., 2009) resolution, respectively. The two structures markedly differ in their details 
and accordingly lead to alternative interpretations regarding their functional 
consequences. The following descriptions are based on the yeast proteins. Equivalent 
M. jannaschii residues are given in parentheses. 
The original ‘B-finger’ model at 4.5Å resolution proposes that the flexible linker 
extending from the zinc ribbon, which is bound to the dock domain crosses the saddle 
between the RNAP clamp and wall. Residues 54 to 88 were modelled as a polyalanine 
chain (Figure 1.11). Amino acids other than W63 (W79) and R64 (R80) were not 
Chapter 1: Introduction 
 50
identifiable in this region. Nevertheless, the electron density has been interpreted as a 
hairpin-structured sub-domain that deeply penetrates the active centre and then loops 
back to the enzyme surface. This sub-domain has been referred to as the ‘B-finger-
domain’. A salt-bridge between the side chains of residues E62 and R78 (E78 and R92) 
has been suggested to stabilise this structure (Bushnell et al., 2004). However, genetic 
analysis of these ‘salt-bridge’ residues gave weak evidence for their existence (Pinto et 
al., 1994). Biochemical assessment of charge reversal mutants in an in vitro system, 
further weakened the idea of a salt bridge and cast serious doubts to its existence 
(Thompson et al., 2009). The crystal lacked the presence of any nucleic acids and 
therefore fails to provide information about potential protein-nucleic acid interfaces that 
may be established or altered upon the presence of the B-finger in the active centre. 
Previous structures of the RNAP II, however, illustrated template DNA following a path 
over the saddle and through a channel into the active centre. Superimposing the paths of 
either DNA or the TFIIB linker indicated the two were in close proximity and also 
indicates a potential steric clash between TFIIB and the growing RNA chain (Bushnell 
et al., 2004; Chen and Hahn, 2003, 2004; Elsby et al., 2006). Crosslinking data has been 
interpreted to fit this model (Chen and Hahn, 2003, 2004). According to this view, the 
B-finger domain becomes an integral part of the active centre and is likely to influence 
the early catalytic steps. Surprisingly though, the B-finger tip region assumed to be 
closest to the active centre lacks sequence conservation. Biochemical analysis using an 
alanine scanning mutagenesis approach across all the B-finger residues of yeast TFIIB 
also did not support a prominent role for the B-finger tip domain. In vitro transcription 
assays demonstrate that mutations in the B-finger tip hardly reduced transcript 
production. Mutations in the lateral B-finger residues, on the other hand, led to a severe 
reduction of transcription (Thompson et al., 2009).  
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Figure 1.11: The B-finger model. 
According to this view, the TFIIB linker forms a hairpin-shaped structure that is stabilised by a salt-
bridge between residues E78 and R92. This finger domain inserts into the RNA exit channel, projecting 
directly into the active centre and follows the same path out again (PDB code: 1R5U).  
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1.6.2 Model II: The TFIIB linker can be divided into a B-reader and a B-linker 
region. 
A more recently published structure at a slightly higher resolution of 4.3Å, did not 
confirm the presence of a B-finger sub-domain or the proposed path of the linker 
domain on the RNAP surface (Figure 1.12). Importantly, according to the alternative 
view, the N-terminal residues of the element previously assigned as the B-finger domain 
(residues 57–83 in yeast or 73–97 in the M. jannaschii system, respectively) are now 
referred to as a structural element called the ‘B-reader’. E62 (E78) that was previously 
proposed to be part of a salt-bridge is now located within the B-reader helix and is no 
longer in a position to contact R78. The B-reader consists of an α-helix and a flexible 
loop. The B-reader helix is located within the RNA exit tunnel below the lid domain of 
RNAP. The remaining residues of the original B-finger and several residues beyond its 
C-terminus form the ‘B-reader loop’. This flexible loop (yeast: 69-83, M. jannaschii: 
85-97) is not fully visible in the structure, thus obscuring details of a potential TFIIB-
RNAP interface. Another sequence element called the ‘B-linker’ (yeast: 84-122, M. 
jannaschii: 98-142) joins the B-reader at its C-terminal end to the core domain. The B-
linker contains a B-linker strand and a B-linker helix element and is otherwise 
unstructured (Kostrewa et al., 2009). The B-reader and B-linker elements snake into the 
RNAP cleft. In contrast to the previous model the presence of a hairpin-structure could 
not be observed. Reinterpretation of crosslinking data was compatible with the new 
model (Chen and Hahn, 2003, 2004). The B-reader sequence passes by the active centre 
and the hybrid-binding site, whereas the B-linker travels along the rudder and clamp. 
Modelling of an open complex by superimposing the DNA template of an elongation 
complex with the RNAP-TFIIB structure did not indicate a clash between TFIIB and 
DNA (Kostrewa et al., 2009). Unlike the old model this revised model is now consistent 
with the residue conservation pattern where the highly conserved residues now form 
part of the B-reader helix that is likely to fulfil an important function in the PIC. This 
structure is now also in line with results of the alanine scanning analysis that indicates a 
predominance of lateral ‘B-finger’ residues (which now form part of the B-reader helix 
and part of the B-reader loop) for functional mechanisms (Thompson et al., 2009). 
Importantly, this structure also lacks the presence of nucleic acid substrates. 
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Figure 1.12: The B-reader/B-linker-model. 
According to the revised model, the TFIIB linker contains two subdomains, the B-reader and the B-linker. 
The linker follows a path on the RNA polymerase surface, inserting into the RNA exit channel but unlike 
the previous model not following the same path out again. The B-linker (i.e. a domain that was not visible 
in the previous structure) travels further along the cleft (based on the open complex model (Kostrewa et 
al., 2009)). 
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1.6.3 Model III: A revised view of the B-finger model. 
In support of Model I, a yeast TFIIB-RNAP structure at 3.8Å resolution was published 
showing details of the C-terminal half of the linker region but not the B-finger (residues 
67-80) which was shown to be disordered (Figure 1.13) (Liu et al., 2009). Electron map 
density of residues adjacent to the B-finger region was found in the same positions as in 
the previous structure which lacked the C-terminal half of the linker region (Bushnell 
2004). This was taken as evidence that the two structures complement each other. In the 
new structure the linker region (beyond the B-finger) was shown to stretch along the 
active centre cleft passing the lid, rudder and fork loop 1. A distinct helix region being 
part of the N-terminal half of the linker and containing conserved glycines and prolines 
was found on the surface of the clamp. The position of the linker region, in proximity to 
RNAP domains (lid, rudder, and fork loop 1) that are unstructured in the absence of 
TFIIB, suggests that the linker might stabilise them and may additionally mediate clamp 
closure (Liu et al., 2009). The proposed topography of TFIIB on the RNAP surface was 
compared to the structure of a bacterial holoenzyme in which regions of the σ factor 
seem to form analogous interactions with the RNAP surface (Murakami et al., 2002; 
Vassylyev et al., 2002): the zinc-ribbon and the B-finger domains of TFIIB were 
proposed to interact with similar RNAP surfaces as σ70 regions 4 and the 3-4 linker. The 
finding that the σ70 region 3-4 linker contacts the transcription start-site might thus 
provide a precedent for interpretation of potential B-finger functions. The TFIIB linker 
and core were proposed to interact with similar RNAP surfaces as σ70 regions 2 and 3. 
A helix in σ70 region 3 was located in good structural agreement with the first cyclin 
repeat of the TFIIB core indicating an analogous role in delineating the upstream end of 
the transcription bubble. Modelling of the open complex in the presence of nucleic acids 
indicated a template strand tunnel formed by TFIIB and RNAP II with TFIIB initially 
stabilizing this tunnel (Liu et al., 2009). 
 
The three structures have been merged in order to give a better impression of their 
differences and similarities (Figure 1.14). Superimposition of the structures 
demonstrates that Model II and Model III are highly similar. 
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Figure 1.13: B-finger Model III – a revised view of Model I. 
Data at 3.8Å resolution indicates that the TFIIB linker travels along the active centre cleft. The Zn-ribbon 
was found to contact the dock domain and both the Zn-ribbon and the core domain are in agreement with 
previous structures (Bushnell et al., 2004; Kostrewa et al., 2009). Most of the B-finger is not visible in 
this structure and no helix has been annotated that would confirm the presence of the B-reader helix 
indicated by Model II (PDB code: 3K7A, Liu et al., 2009). 
Chapter 1: Introduction 
 56
 
 
 
 
 
 
 
 
 
Figure 1.14: Overlay of the three TFIIB structures. 
The RNAP dock domain and the bridge helix served as a control for the alignment. Essentially, the TFIIB 
Zn-ribbon and core domain of structures 3K7A (green) (Liu et al., 2009) and 3K1F (blue) (Kostrewa et 
al., 2009) as well as parts of the linker that could be crystallized were found in very similar positions. 
Only in the original B-finger structure 1R5U (red) (Bushnell et al., 2004) the formation of a hairpin 
structure has been shown. 
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1.6.4 TFIIB linker functions in the light of different models. 
The TFIIB B-linker and start site selection. 
A number of functional implications arise from structural findings and in some cases 
have been corroborated by experimental data. The B-finger of Model I (see 1.6.1) might 
help template DNA unwinding, or position the initiating NTP. Distinct points of contact 
exist between TFIIB residues 62 to 66 (78 to 82) and DNA positions -6 to -8 as well as 
between TFIIB residues 69 to 74 (85 to 90) and positions -2, -1 and +1 (i.e. the 
transcription start-site positions) (Bushnell et al., 2004). Genetic analyses suggest 
residue E62 is crucial for start-site selection (Pinto et al., 1994). For eukaryotic TFIIB it 
has been shown that two aspartates in the B-finger domain are crucial to the initial RNA 
bond formation (Bushnell et al., 2004; Tran and Gralla, 2008). 
According to Model II (see 1.6.2), the B-reader sequence has also been proposed to 
function in transcription start-site selection. This was proven by a number of B-reader 
helix mutants that shift the start-site. Forming part of the DNA template channel and 
being in close proximity to the DNA template strand, a contribution in Inr-element 
recognition seems likely. The B-reader loop, that is not fully visible in the structure, 
might also contribute to start site recognition as well as in the stabilisation of priming 
nucleotides (Kostrewa et al., 2009). 
 
The TFIIB linker and the transition between closed and open complexes. 
Both models suggest a role of the B-linker in promoter opening/open complex 
formation. Based on Model I, the B-finger has been suggested to assist in the transition 
from closed to open promoter complexes by stabilizing short DNA-RNA-hybrids and 
thus allowing RNAP to progress into the elongation phase (Bushnell et al., 2004). 
Model III aims to substantiate this hypothesis: TFIIB has been proposed to form part of 
a template tunnel. Breathing of double-stranded DNA would permit template strand-
protein interactions near the upstream end of the tunnel to occur and thus reinforce a 
transient transcription bubble (Liu et al., 2009).  
Modelling of closed and open promoter complexes based on the new data (Model II) 
indicates that the TFIIB linker occupies the space between closed DNA in the closed 
complex model, and the template strand in the open complex. B-linker and B-reader 
loop mutants - a particular prominent mutation being found at position R78 (R92) - 
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were discovered to be incapable of promoter opening, thus supporting a role for TFIIB 
in DNA melting (Kostrewa et al., 2009). 
 
1.6.5 The TFIIB linker and transition from initiation to elongation. 
Occupying the RNA exit channel, the B-finger of Model I seems to account for a steric 
clash with the nascent RNA transcript. Model III presents a hypothesis to explain both 
an initial stabilizing and a subsequent destabilizing role of TFIIB - as outlined above 
TFIIB has been proposed to form part of a tunnel that facilitates open promoter complex 
formation. Nascent RNA reaching a length of 5nt would contact TFIIB resulting in a 
conformational change and formation of a structured B-finger domain. Initially, the B-
finger tip would stabilise the short transcript. Growth of the transcript beyond 7nt, 
however, would clash with the B-finger. Hence, one crystal structure presenting a well-
organized B-finger domain, but no visible linker or cyclin repeat (Bushnell et al., 2004), 
and the complementary structure presenting the linker and cyclin repeat but no B-finger 
(Liu et al., 2009) was taken as evidence for alternative states of the TFIIB linker, where 
the length of the growing transcript shifts the equilibrium between these two structures 
(Liu et al., 2009). The clash could provide a mechanism for RNA quality control to 
ensure that RNAP only progresses into the elongation phase once the nascent transcript 
is stable enough. The clash could also create a pause that might be sufficient to eject the 
B-finger from the active centre and to establish the strand/loop network in the RNAP 
active centre. The strand/loop network is a system of flexible loops which drives 
separation of nucleic acid strands and thus upon its formation prepares RNAP for 
elongation (Bushnell et al., 2004; Tran and Gralla, 2008).  
In the B-reader model (Model II), a role for the TFIIB linker in transition from the 
initiation to elongation phase has also been considered. Superimposing this structure 
with an elongation complex has illustrated that the presence of the nascent RNA chain 
hybridised to the DNA template might actually interfere with the B-reader in the RNA 
exit channel, resulting in a clash that potentially causes abortive transcription. The 
nascent chain might interfere with the B-reader loop which accordingly would lead to 
abortive transcription. Similar to previous models, this model suggests that RNA growth 
beyond 7nt would lead to release of TFIIB and transition into the elongation phase 
(Kostrewa et al., 2009).  
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Taken together, either model suggests TFIIB influences the same processes. However, 
the B-reader model sheds new light on the mode of action. Individual tasks are now 
clearly assigned to distinct sequence elements: the B-reader helix seems to be 
responsible for transcription start-site selection, the B-reader loop has been suggested to 
confer stability on the DNA-RNA hybrid in its early stages (i.e. during abortive 
transcription) and the B-linker seems to play a role in promoter opening. TFIIB release 
occurs due to a steric clash with the growing RNA in the RNA exit channel. 
 
A role in catalysis: Archaeal TFIIB stimulates abortive transcription. 
TFIIB-linker regions seem to switch between alternative modes (stabilizing the initial 
transcript versus competing for space with transcripts beyond a certain length) and it is 
thus difficult to deduce a coherent mode of function: The fact that the B-finger domain 
massively boosts abortive transcription in combination with a milder increase in 
productive transcription (see 1.5.1) is inconsistent with the idea of a quality control step 
(Werner and Weinzierl, 2005; Werner et al., 2006). According to this, the clash between 
the B-finger and the DNA-RNA hybrid would slow transcription down only allowing 
those transcripts to proceed into elongation that have reached the required degree of 
stability and simultaneously reducing the number of long (potentially faulty) transcripts. 
An alternative to the clash model has recently been published: Data obtained using a 
nano-positioning system indicated that in the course of the transition to elongation, 
elements of the yeast TFIIB linker domain shift the nascent RNA transcript toward the 
Rpb4/7 subunits. TFIIB remains bound to elongation complexes (Muschielok et al., 
2008). Accordingly, TFIIB-linker elements might not just present an obstacle in the 
RNA exit channel but may be needed to guide the transcript into the exit path. TFIIB-
linker elements would thus actively facilitate the transition from initiation to elongation. 
This would explain a general increase in productivity, over an increase in abortive 
transcripts at the cost of full-length transcription. A quality control mechanism would 
still be accommodated by this hypothesis. The proposed mechanism is also consistent 
with observations that DNA bubble collapse rather than a clash with RNA is responsible 
for TFIIB displacement in the transition from initiation to elongation (Pal et al., 2005). 
This new hypothesis, however, is still insufficient to fully explain the extent of the 
speed-gain that is observed in the presence of TFIIB. It seems plausible that the 
catalytic mechanism must be influenced in some way, i.e. that interactions between the 
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TFIIB linker and active site domains occur. Alternatively, a recruitment effect is 
feasible: the TFIIB linker may positively influence promoter binding of the TFIIB-
RNAP complex. 
 
1.6.6 TFIIB linker functions remain obscure due to alternative models. 
Structural studies have provided some insight into both the mechanistic details of 
RNAP function and the interplay between RNAP and basal transcription factors 
(Bushnell et al., 2001, 2002; Bushnell and Kornberg, 2003; Bushnell et al., 2004; 
Cramer et al., 2000; Cramer et al., 2001; Gnatt et al., 2001; Wang et al., 2006; Westover 
et al., 2004a, b). However, they only provide a series of static pictures that require 
further support by means of biochemical analyses. The available TFIIB linker models 
are based on yeast RNAP-TFIIB co-complexes. Unfortunately, the x-ray structures of 
these complexes offer a mere 4.5Å, 4.3Å or 3.8Å resolution and lack nucleic acid 
substrates. On top of this, the TFIIB linker is not fully visible in any of the three 
structures, and has largely been traced as a polypeptide backbone. Based on these data, 
any structural predictions can only be vague and have to take into account a high degree 
of uncertainty. It is not possible to extract potential amino acid interactions from this 
model and accordingly deduce functional properties of the RNAP-B-finger interface. 
The lack of nucleic acids in the crystals adds additional uncertainty about the accuracies 
of the models because the presence of nucleic acids could substantially alter domain 
positions. These could deviate from any predictions and could create a number of new 
interactions that are difficult to ascertain in the absence of such a structure. 
 
1.7 Aims of this project. 
1.7.1 A study to assess TFIIB linker functions. 
The main aim of this project was to gain insights on the functions of the TFIIB linker in 
the context of transcription initiation. Any attempts to establish structural-functional 
relationships between elements of the TFIIB linker domain and RNAP have so far 
depended on low-resolution structures, crude ‘B-finger’ deletions, as well as a few 
random point mutants (Bushnell et al., 2004; Pinto et al., 1994; Werner and Weinzierl, 
2005). As such, the detailed functional aspects of this particular region are still 
unknown. 
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Deletions of entire functional domains are bound to have a significant impact on the 
tertiary structure of the protein. They are therefore of limited usefulness as observed 
effects are not clearly assignable to either the missing structure or the overall change in 
protein conformation. Random mutagenesis studies have been carried out previously 
and indicated a close structural and functional coherence (Bangur et al., 1997). 
 
1.7.2 High-throughput methods facilitate a high-resolution mutagenesis screen.  
A high-throughput mutagenesis approach was taken to analyse the structural-functional 
relationship between the archaeal TFIIB linker region and the active centre of RNAP 
during transcription initiation. Novel high-throughput tools were applied wherever 
possible to facilitate the time-efficient handling of a large number of mutants under 
highly reproducible conditions. Considering the high degree of structural and functional 
similarity of the archaeal and eukaryotic transcription systems, results obtained in the 
archaeal system are almost certainly also directly applicable to the eukaryotic system. In 
detail, the aims of this project were: 
 
• To generate sets of 19 amino acid substitutions for each of the 18 residues 
stretching from residue E78 within the B-reader helix to residue A95 within the 
B-reader loop and to express them as recombinant proteins. 
• To develop high-throughput compatible protein-purification procedures and 
functional assays.  
• To assess the role of the TFIIB linker in abortive transcription and RNAP 
recruitment.  
• To design additional mutants (e.g. deletions of certain residues). 
• To evaluate structural/functional relationships with bioinformatic tools. 
• To apply results obtained in the archaeal system to eukaryotes and therefore 
evaluate the two alternative models in light of the mutagenesis data obtained 
here.
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Chapter 2:       Materials and Methods. 
 
2.1 Bioinformatics. 
2.1.1 Sequence Alignments. 
Automatic sequence alignments based on BLAST searches were generated using 
FRpred (http://toolkit.tuebingen.mpg.de/frpred). Manual alignments were generated 
using MultAlin (http://multalin.toulouse.inra.fr/multalin/multalin.html). 
 
2.1.2 In silico analysis programmes. 
Detailed in silico analysis of mjTFIIB was carried out to establish a framework for 
interpretation of results. Alignments were based on sequences retrieved by FRpred 
(2.1.1) or on sequences of a small selection of archaeal and eukaryotic TFIIB variants. 
Bioinformatics programmes which were used were available online at the following 
websites: 
Name Purpose Link Reference 
SNAP identification of those residues that were 
likely to produce phenotypes upon mutation 
http://cubic.bioc.columbia.e
du/services/SNAP/submit.ht
ml 
(Bromberg 
and Rost, 
2007, 2008) 
FoldIndex for evaluation of stability changes for the 
mutated and adjacent residues 
http://bioportal.weizmann.ac
.il/fldbin/findex 
(Uversky et 
al., 2000) 
NEWT for taxonomy information of organisms 
whose proteins were compared in 
comprehensive sequence alignments 
http://www.uniprot.org/taxo
nomy/ 
(Phan et al., 
2003) 
PROFbval for analysis of changes in the flexibility 
pattern of mjTFIIB upon mutagenesis of 
individual residues 
http://cubic.bioc.columbia.e
du/services/profbval/ 
(Schlessinger 
et al., 2006) 
Table 2.1: Bioinformatics programmes. 
 
2.1.3 Molecular modelling.  
Structural models of proteins were generated using PyMOL 0.99rc2 or PyMOL Version 
1.1eval. Structural information was obtained from NCBI. The following structures were 
analysed:  
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Structure Code Section Reference 
T. thermophilus RNAP at 2.6Å resolution 1IW7 1.3.1 (Vassylyev et al., 2002) 
S. solfataricus RNAP 2PMZ 1.3.1 (Hirata et al., 2008) 
12-subunit S. cerevisiae RNAP II 2B8K 1.3.1 (Meyer et al., 2006) 
S. cerevisiae RNAP II at 3.1Å resolution 1I3Q 1.3.4 (Cramer et al., 2001) 
S. cerevisiae RNAP II-TFIIB co-complex 1R5U 1.6.1 (Bushnell et al., 2004) 
S. cerevisiae RNAP II-TFIIB co-complex, including 
open and closed complex models 
3K1F 
 
1.6.2, 
5.5.1, 
6.1, 7.3 
(Kostrewa et al., 2009) 
S. cerevisiae RNAP II-TFIIB co-complex 3K7A 1.6.3 (Liu et al., 2009 
S. cerevisiae RNAP II transcribing complex 1R9R 5.5.1 (Westover et al., 
2004b) 
Table 2.2: Protein structures. 
 
2.2 General Materials 
2.2.1 Composition of growth media 
All bacterial growth media were prepared and sterilized as described in Table 2.3. 
Media Type Supplier Preparation Purpose 
Terrific Broth Medium Sigma 2 capsules, 4ml glycerol, dissolved in 
1L dH2O, autoclaved at 120°C, stored 
at room temperature 
General 
LB Agar Sigma 1 tablet dissolved per 50ml dH2O, 
sterilized by microwaving, stored at 
4°C 
General 
Overnight Expression 
medium 
Merck 1 pouch, 10ml glycerol, dissolved in 
1L dH2O, sterilized by microwaving, 
stored at -20°C 
Protein overexpression 
Table 2.3: Bacterial growth media. 
 
The sterilised media were supplemented with the appropriate antibiotics to allow for 
selection of the bacterial strain or plasmid of interest.  The antibiotics used are 
summarised in Table 2.4, these were filter-sterilised before use.  All inoculated plates 
and media were incubated at 37˚C. 
Antibiotic Stock concentration Final concentration Storage 
ampicillin 10mg/ml in dH2O 100µg/ml -20°C 
chloramphenicol 25mg/ml in ethanol 10µg/ml -20°C 
kanamycin 10mg/ml in dH2O 25µg/ml -20°C 
Table 2.4: Antibiotics. 
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2.2.2 General reagents and solutions 
Coomassie Blue Stain 0.04% (w/v) Coomassie blue, 40% (v/v) methanol, 10% (v/v) acetic acid. 
De-stain 40% (v/v) methanol, 10% (v/v) acetic acid. 
DNA loading buffer, 10x 0.25% bromophenol blue, 0.5% xylene cyanol, 0.2M EDTA, 60% 
glycerol, in H2O  
EB buffer 10 mM Tris-Cl, pH 8.5. 
elution buffer 0.5M imidazole, 0.1% Triton X-100, 0.5M NaCl, 20mM Tris-acetate, 
pH7.9, 10mM MgOAc2, 0.7mM ZnOAc2, 10% glycerol. 
extraction buffer 250mM Tris, pH8.9, 200mM glycine, 10% glycerol, 100µM ZnOAc2, 
100mM KoAc, 14mM β–mercaptoethanol. 
formamide loading buffer formamide, 0.05% (w/v) bromophenol blue. 
lysis solution 10x FastBreak (Promega), 2µl lysonase/sample, 3µl 0.5M MgOAC2. 
Native Loading Buffer x4 1M Tris-HCl (pH 6.8), 40% (v/v) glycerol, 4% (v/v) β-mercaptoethanol, 
15% Ficoll 400 and 0.05% bromophenol blue in dH2O 
P300 buffer 300mM KOAc, 20mM Tris-acetate, pH7.9, 10mM MgOAc2, 0.7mM 
ZnOAc2, 10% glycerol, 0.05% Triton-X100. 
SDS PAGE loading buffer 
2x 
0.5M Tris-HCl (pH 6.8), 4.4% (w/v) SDS, 20% (v/v) glycerol, 2% (v/v) 2-
mercaptoethanol, and 0.05% bromophenol blue in dH2O 
SDS PAGE running buffer 
Buffer x10 
60 g Tris base, 280 g glycine, 20 g SDS. (For 2 L). 
TBE buffer 10x (Invitrogen) sterile-filtered solution of 1M Tris, 0.9M boric Acid, and 0.01M EDTA  
T/G N100 100mM NaCl, 250mM Tris, pH8.9, 200mM glycine. 
T/G N500 buffer 500mM NaCl, 250mM Tris, pH8.9, 200mM glycine. 
TE Buffer, pH 8.0 10 mM Tris-HCl, pH 8.0, 1 mM EDTA, pH 8.0. 
TG assembly buffer 250mM Tris, pH8.9, 200mM glycine, 10% glycerol, 500mM NaCl, 1mM 
MgOAc2, 0.1mM ZnOAc2, 14mM β-Mercaptoethanol. 
Tris-Glycine Buffer x10 30.3 g Tris base, 150 g glycine, pH 8.6. (For 1 L) 
Tris-HCL 121 g Tris base in 1L water, adjusted to desired pH with concentrated 
HCl. 
wash buffer 20M imidazole, 0.1% Triton X-100, 0.5M NaCl, 20mM Tris-acetate, 
pH7.9, 10mM MgOAc2, 0.7mM ZnOAc2, 10% glycerol. 
 
2.2.3 Bacterial strains and Plasmids 
All bacterial strains used for protein expression and cloning are listed in Table 2.5. 
Bacterial strain Genotype Reference 
E. coli BL21 (DE3) F– ompT gal dcm lon hsdSB(rB- mB-) λ(DE3 [lacI lacUV5-T7 
gene 1 ind1 sam7 nin5]) 
Novagen 
E. coli Rosetta2 (DE3)  F- ompT hsdSB(rB- mB-) gal dcm pRARE2 (CamR) Novagen 
TOP10 F- mcrA Δ(mrr-hsdRMS-mcrBC) φ80lacZΔM15 ΔlacX74 nupG 
recA1 araD139 Δ(ara-leu)7697 galE15 galK16 rpsL(StrR) 
endA1 λ- 
Invitrogen 
DH5α F- endA1 glnV44 thi-1 recA1 relA1 gyrA96 deoR nupG 
Φ80dlacZΔM15 Δ(lacZYA-argF)U169, hsdR17(rK- mK+), λ– 
Invitrogen 
Table 2.5: Host strains used in this work. 
Chapter 2: Materials and Methods 
 65
 
The plasmids with the target protein inserts are listed in Table 2.6. 
Plasmid Background Antibiotic Reference 
pUC57- mjTFIIB-N-termsynth pUC57 ampicillin GenScript 
pMA-mjTFIIB-N-termsynth-MUT pMA ampicillin GeneArt 
pUC57- mjTFIIB-N-termsynth -MUT pUC57 ampicillin this study 
pET21a-mjTFIIBC-term pET21a(+) ampicillin this study 
pET24a-mjTFIIBC-term pET24a(+) kanamycin this study 
pET21a-mjTFIIB-MUT pET21a(+) ampicillin this study 
pET24a-mjTFIIB-MUT pET24a(+) kanamycin this study 
pBirAcm pACYC184 chloramphenicol Avidity 
pET21a-Avi-mjH pET21a(+) ampicillin this study 
Table 2.6: Plasmids used in this work 
 
2.3 Molecular Biology Methods 
2.3.1 Isolation of Plasmid DNA 
Plasmid DNA was obtained using the QIAGEN QIAprep miniprep system.  Typically, 
1.5ml of culture was grown overnight and pelleted.  Plasmid DNA was purified from 
the pellet using QIAGEN anion exchange columns according to the manufacturer’s 
instructions.  In brief, the bacterial cells were subjected to alkaline lysis using a series of 
three solutions (resuspension buffer, lysis buffer and neutralization buffer).  The cell 
debris generated was pelleted by centrifugation at 13,000rpm for 10 min.  The 
supernatant was then transferred to the anion exchange column and centrifuged again 
for a further 1 min.  After a wash step with salt solution to remove impurities, TE buffer 
was applied to the column to elute DNA from the column by centrifugation at 
13,000rpm for 1min.  
 
2.3.2 Restriction endonuclease digestion 
For analytical endonuclease digestions, 5µl (typically containing ~5µg of DNA) of 
plasmid DNA was digested in a total volume of 10µl. For preparative purposes the total 
volume was increased to 100µl and 10µl of plasmid DNA was digested. All reactions 
were carried out in the appropriate 1x digestion buffer in the presence or absence of 
BSA, depending on the enzymes which were used.  Routinely, 2-10U (analytical 
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digests) or 6-30U (preparative digests) of the enzyme was added and the reactions were 
incubated at 37°C for 30min. This was repeated to guarantee complete digestion. 
Preparative digestion mixtures were precipitated by adding 250µl EtOH and 300mM 
(final) NaOAc. The reactions were incubated on ice for 15min and spun down at 
13,000rpm for 10min. Pellets were then resuspended in 20µl TE buffer. The desired 
fragments were separated from the host vector backbone by agarose gel electrophoresis 
(2.3.4) and extracted by gel purification (2.3.5). 
 
2.3.3 Polymerase Chain Reactions (PCR). 
1µl of a 10-fold plasmid dilution (containing typically ~100ng DNA) and 2.5U BioTaq 
DNA Polymerase (Bioline) was added to 0.64pmol/µl of each of the two specific 
primers in a total volume of 25µl in Easy-Start PCR tubes. Routinely, the following 
cycle was used for PCR reactions, whereby the annealing temperature was individually 
adjusted. The PCR fragments were extracted by agarose gel electrophoresis (2.3.4) and 
gel purification (2.3.5) 
 
1x 94°C 10min 
 
35x 
94°C 
45-55°C (individually adjusted) 
72°C 
30sec 
45sec 
45sec 
1x 72°C 10min 
 4°C ∞ 
 
2.3.4 Analysis of DNA by Agarose Gel Electrophoresis 
DNA was analysed on 0.75-2% (w/v, concentration dependent on the size of the 
fragment) agarose gels prepared in 0.5x TBE buffer. The solution was heated to allow 
the agarose to dissolve and poured into a gel-casting tray, where it was allowed to set 
prior to use. Gels were run in 0.5x TBE buffer with 15µl of a 10mg/ml ethidium 
bromide solution being directly added to the buffer at the plus pole end of the gel tank 
prior to running the gel. Samples were prepared in 1x DNA loading buffer and the gels 
run at 70V for ~45min. The DNA was visualized using a UV transilluminator. Fragment 
size was compared to Hyperladder I (Bioline).  
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2.3.5 Gel purification of DNA fragments. 
To extract the DNA fragments from the agarose gels, the respective bands were excised. 
Gel purifications were carried out using the Qiagen gel purification kits according to the 
manufacturer’s instructions. In summary, the gel slices were dissolved and isopropanol 
added to facilitate DNA precipitation. DNA was then bound to an ion exchange column 
by centrifugation at 13,000rpm for 1min. Impurities were removed by washing the 
column in salt solution. Finally, purified DNA was eluted from the column in volumes 
of 20-50µl EB buffer depending on the expected yield. 
 
2.3.6 Analysis of RNA by denaturing urea-PAGE  
RNA products were analysed on sequencing-type denaturing urea polyacrylamide gels. 
4ml of RapidGel 8% Liquid Acrylamide TBE Formulation DNA Sequencing Gel mix 
(containing 7M urea, USB) was mixed with 10ml of 40% acrylamide (19:1). 0.1% 
ammonium persulfate and 0.001% TEMED were added to induce polymerization of 
acrylamide and bisacrylamide monomers. Gels were run at 225V for 70-80min.  
 
2.3.7 TOPO-TA cloning 
Taq DNA Polymerase (Bioline), which is used for PCR, generates double-stranded 
DNA fragments with A-overhangs at their 3’ end. Vectors that are used for cloning of 
PCR fragments are linearized with T overhangs at their 5’ ends. Additionally, 
Topoisomerase I (Invitrogen) is covalently bound at each end facilitating ligation of the 
PCR generated inserts into the linearized vector such that ligase is not needed. The 
ligation efficiency of this two molecule reaction (insert, vector) is therefore higher than 
that of a three molecule reaction (vector, insert, ligase). 
1µl of PCR product was mixed with 1µl of salt solution, 1µl of pCR2.1-TOPO-TA 
vector and 3µl of water. The reaction mixture was incubated at room temperature for at 
least 20min. The entire reaction volume was transformed into TOP10 or DH5α cells 
(2.5.1). 
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2.3.8 Sticky-end ligation 
Many restriction enzymes generate overhanging 3’ or 5’ ends when cutting DNA. The 
nucleic acid bases of these overhanging ends can engage in base-pairing with the 
corresponding overhanging ends of linearized vector DNA cut with the same enzyme. 
 0.5µl of insert was mixed with 0.5µl of linearized vector and 0.5µl T4 DNA ligase 
(0.5-1.5U) in 1x Rapid Ligation Buffer (Promega). The reactions were incubated at 
room temperature for at least one hour and subsequently transformed into DH5α cells 
(2.5.1). 
 
2.3.9 Labelling of DNA strands 
T4 polynucleotide kinase (PNK, New England Biolabs) catalyzes the transfer of Pi from 
the γ-position of ATP to the 5’ OH-group of polynucleotides. 
20U of T4 PNK was used to label 40µmol of oligo in 1x PNK buffer with 5µCi γ-32P-
ATP. Labelling reactions were carried out at 37ºC for 30min and stopped by incubating 
the mixture at 95ºC for 1min. Labelled oligos were separated from free nucleotides 
using illustra Microspin G-25 columns according to the manufacturer’s instructions. 
 
2.3.10 Oligonucleotide annealing 
5µl of two complementary oligos (8pMol) were mixed and incubated at 95ºC for 1min. 
After cooling to room temperature, 90µl of TE buffer was added. Finally, mixtures were 
diluted 1:100 in TE buffer. 
 
2.3.11 Cloning of Avi-tagged mjRNAP subunit H. 
For in vivo biotinylation proteins need to be marked with an Avi-tag (Ashraf et al., 
2004). Avi-tagged mjRNAP subunit H constructs were generated by PCR from existing 
pET21a-mjH constructs. Primers used (Table 2.7) contained the Avi-tag sequence at the 
5’ end along with BamHI + NdeI restriction sites, a further BamHI site was included at 
the 3’ end. PCR-fragments were gel-purified and subcloned into pCR2.1-vectors via 
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TOPO-TA cloning (2.3.7). Fragments were extracted by NdeI/BamHI digestion and 
cloned into pET21a via the multiple cloning site. 
 
Oligo ID Mutant Oligo Sequence 
1562 Avi-mjH-5’ GGATCCCATATGGGCCTGAACGACATCTTCGAAGCTCAGAAAAT
CGAATGGCACGAAAAGGTCACAGACCACATACTGG 
1563 mjH-3’ GGATCCTTAAATAATCCTTTTAATAACTAATCTAT 
Table 2.7: Oligos for cloning of Avi-tagged mjH. 
Restriction sites underlined (GGATCC: BamHI, CATATG: NdeI), Avi-tag printed in bold. 
 
2.4 Mutagenesis of residues E78-A95. 
2.4.1 Codon-optimized construct. 
The N-terminus of mjTFIIB was substituted by a synthetic construct purchased from 
GenScript (pUC57-mjTFIIB-N-term
synth
). To improve expression of the protein, this 
sequence was codon-optimized i.e. rarely used codons were replaced by more 
frequently used codons in E. coli. Additionally, RsrII and AscI restriction sites were 
introduced by silent mutagenesis to flank the ‘B-finger’ sequence along with an 
additional AscI site within the ‘B-finger’ sequence. These restriction sites were used to 
facilitate site-directed mutagenesis through oligo cloning (2.4.2). NdeI and BseRI sites 
on either end of the codon-optimized synthetic construct were used to facilitate the 
exchange of N-terminal portions of TFIIB carrying point mutations (2.4.3). An 
alignment of the original mjTFIIB DNA sequence and the codon-optimized sequence is 
presented in Figure 2.1A. For comparison, the translated sequences are depicted in 
Figure 2.1B. 
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Figure 2.1: Alignment of original and codon optimized sequences of TFIIB. 
A: Alignment of the original (mjTFIIB) and the codon-optimized (mjTFIIB_codon_opt) DNA sequences 
of mjTFIIB. The codon-optimized portion is highlighted in yellow, restriction sites are framed in green. 
Consensus nucleotides are red, codon-optimized nucleotides black or blue.  
B: Alignment of translated sequences of both constructs to illustrate the identity of their amino acid 
sequences.  
Alignments were generated with MultAlign.  
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2.4.2 Mutagenesis through oligo cloning: Alanine scan, substitution of ‘B-finger’ 
sequence, deletion mutants. 
For each of the single alanine mutants the naturally occurring codon was substituted by 
a –gcg- codon. The constructs were made by annealing two short oligos and cloning 
them into two restriction sites (AscI and AscI or AscI and RsrII) of pUC57-mjTFIIB-N-
termsynth. Afterwards, the N-terminal part of mjTFIIB was extracted by NdeI/BseRI 
digest from the pUC57 plasmid and subcloned into an expression vector containing the 
C-terminal part of mjTFIIB (pET21a-mjTFIIBC-term). Mutants carrying a series of 
alternating glycine/serine residues replacing the entire B-finger domain, as well as 
mutants with eukaryotic or archaeal B-finger substitutions were also produced by oligo 
cloning (Werner et al., 2006). The same cloning strategy was also applied to generate 
the deletion mutants. Table 2.8 lists oligos for alanine substitutions and Table 2.9 lists 
oligos for the entire B-finger domain replacements. Oligos for double and triple alanine 
substitutions can be found in Table 2.10. Oligos for deletion mutants are listed in Table 
2.11. Some alanine mutants and some of the entire sequence substitutions were made by 
R. Weinzierl, P. Blattmann or N. Bidmon. 
 
 
Oligo ID Mutant Oligo Sequence 
879 W79A fwd GTCCGGAAGCGCGTGCGTTTGATCATGAACAGAAAATTAAACGT
TGCCGTGTGGG 
881 R80A fwd GTCCGGAATGGGCGGCGTTTGATCATGAACAGAAAATTAAACGT
TGCCGTGTGGG 
825 F82A fwd CGCGCCTTTGATCATGAACAGAAAGCGAAACGCTGCCGCGTGGG 
800  D83A fwd  CGCGCCTTTGCGCATGAACAGAAAATTAAACGCTGCCGCGTGGG 
801  H84A fwd  CGCGCCTTTGATGCGGAACAGAAAATTAAACGCTGCCGCGTGGG 
802  E85A fwd  CGCGCCTTTGATCATGCGCAGAAAATTAAACGCTGCCGCGTGGG 
803  Q86A fwd  CGCGCCTTTGATCATGAAGCGAAAATTAAACGCTGCCGCGTGGG 
804  K87A fwd  CGCGCCTTTGATCATGAACAGGCGATTAAACGCTGCCGCGTGGG 
826 I88A fwd CGCGCCTTTGATCATGAACAGAAAATTGCGCGCTGCCGCGTGGG 
827 K89A fwd CGCGCCTTTGATCATGAACAGAAAATTAAAGCGTGCCGCGTGGG 
828 R90A fwd CGCGCCTTTGATCATGAACAGAAAATTAAACGCGCGCGCGTGGG 
829 C91A fwd CGCGCCTTTGATCATGAACAGAAAATTAAACGCTGCGCGGTGGG 
880 W79A rev CGCGCCCACACGGCAACGTTTAATTTTCTGTTCATGATCAAACG
CACGCGCTTCCG 
882 R80A rev CGCGCCCACACGGCAACGTTTAATTTTCTGTTCATGATCAAACG
CCGCCCATTCCG 
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830 F82A rev CGCGCCCACGCGGCAGCGTTTAATTTTCTGTTCATGATCCGCGG 
805  D83A rev  CGCGCCCACGCGGCAGCGTTTAATTTTCTGTTCATGCGCAAAGG 
806  H84A rev  CGCGCCCACGCGGCAGCGTTTAATTTTCTGTTCCGCATCAAAGG 
807  E85A rev  CGCGCCCACGCGGCAGCGTTTAATTTTCTGCGCATGATCAAAGG 
808  Q86A rev  CGCGCCCACGCGGCAGCGTTTAATTTTCGCTTCATGATCAAAGG 
809  K87A rev  CGCGCCCACGCGGCAGCGTTTAATCGCCTGTTCATGATCAAAGG 
831 I88A rev CGCGCCCACGCGGCAGCGTTTCGCTTTCTGTTCATGATCAAAGG 
832 K89A rev CGCGCCCACGCGGCAGCGCGCAATTTTCTGTTCATGATCAAAGG 
833 R90A rev CGCGCCCACGCGGCACGCTTTAATTTTCTGTTCATGATCAAAGG 
834 C91A rev CGCGCCCACGCGCGCGCGTTTAATTTTCTGTTCATGATCAAAGG 
Table 2.8: Alanine scan oligos. 
Restriction sites (RsrII (CGGWCCG), AscI (GGCGCGCC)) are underlined, mutations are printed in 
bold. 
 
 
Oligo ID Mutant Oligo Sequence 
810  F82-K89: G/S 
fwd  
CGCGCCGGTAGCGGCTCCGGTTCTGGCTCGCGCTGCCGCGTGGG 
816  human fwd  GACCGGAATGGAGGTTTGACCATGAGCAAAAGATTAAAAGATGT
AGAGTTGG  
818  yeast fwd  GACCGGAGTGGAGAACGTTTTCAAATGATGATAACGGTGATGAC
CCAAGTCGTGTTGG  
820  drosophila 
fwd  
GACCGGAATGGCGCACCTTTAGCAACGAAAAAAGCGGCGTGGAT
CCGAGCCGTGG  
853 H. salinarum 
TFB-A fwd 
GTCCGGAATGGCGTACCTTTAGCGACGATCCGGACCATGCGCCG
GAACGTGTGGG 
861 M. kandleri 
fwd 
GTCCGGAATGGCGTCATTTTAACCCGGATCAGCGTCAGCGTCGC
AGCCGTGTGGG 
811  F82-K89: G/S 
rev  
GGCCATCGCCGAGGCCAAGACCGAGCGCGACGGCGCACCCGCGC 
817  human rev  CGCGCCAACTCTACATCTTTTAATCTTTTGCTCATGGTCAAATG
CCCTCCATTCCG  
819  yeast rev  CGCGCCAACACGACTTGGGTCATCACCGTTATCATTTGAAAACG
TTCTCCACG  
821  drosophila 
rev  
CGCGCCCTTACCGCGTGGAAATCGTTGCTTTTTTCGCCGCACCT
AGGCTCGGCACG  
854 H. salinarum 
TFB-A rev 
CGCGCCCACACGTTCCGGCGCATGGTCCGGATCGTCGCTAAAGG
TACGCCATTCCG 
862 M. kandleri 
rev 
CGCGCCCACACGGCTGCGACGCTGACGCTGATCCGGGTTAAAAT
GACGCCATTCCG 
Table 2.9: B-finger substitution oligos. 
Restriction sites (RsrII, AscI) are underlined, mutations are printed in bold. 
 
 
Oligo ID Mutant Oligo Sequence 
897 W79/R80AA fwd GTCCGGAAGCGGCGGCGTTTGATCATGAACAGAAAATTAAACGT
TGCCGTGTGGG 
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899 F82/D83AA fwd GTCCGGAATGGGTGGCGGCGGCGTTTGATCATGAACAGAAAATT
AAACGTTGCCGTGTGGG 
901 D83/H84AA fwd GTCCGGAATGGGTGGCGTTTGCGGCGGAACAGAAAATTAAACGT
TGCCGTGTGGG 
903 H84/E85AA fwd GTCCGGAATGGGTGGCGTTTGATGCGGCGCAGAAAATTAAACGT
TGCCGTGTGGG 
905 E85/Q86AA fwd GTCCGGAATGGGTGGCGTTTGATCATGCGGCGAAAATTAAACGT
TGCCGTGTGGG 
907 Q86/K87AA fwd GTCCGGAATGGGTGGCGTTTGATCATGAAGCGGCGATTAAACGT
TGCCGTGTGGG 
909 K87/I88AA fwd GTCCGGAATGGGTGGCGTTTGATCATGAACAGGCGGCGAAACGT
TGCCGTGTGGG 
911 I88/K89AA fwd GTCCGGAATGGGTGGCGTTTGATCATGAACAGAAAGCGGCGCGT
TGCCGTGTGGG 
913 K89/R90AA fwd GTCCGGAATGGGTGGCGTTTGATCATGAACAGAAAATTGCGGCG
TGCCGTGTGGG 
915 R90/C91AA fwd GTCCGGAATGGGTGGCGTTTGATCATGAACAGAAAATTAAAGCG
GCGCGTGTGGG 
917 H84/E85/Q86AA
A fwd 
GTCCGGAATGGGTGGCGTTTGATGCGGCGGCGAAAATTAAACGT
TGCCGTGTGGG 
898 W79/R80AA rev CGCGCCCACACGGCAACGTTTAATTTTCTGTTCATGATCAAACG
CCGCCGCTTCCG 
900 F82/D83AA rev CGCGCCCACACGGCAACGTTTAATTTTCTGTTCATGCGCCGCCG
CACGCCATTCCG 
902 D83/H84AA rev CGCGCCCACACGGCAACGTTTAATTTTCTGTTCCGCCGCAAACG
CACGCCATTCCG 
904 H84/E85AA rev CGCGCCCACACGGCAACGTTTAATTTTCTGCGCCGCATCAAACG
CACGCCATTCCG 
906 E85/Q86AA rev CGCGCCCACACGGCAACGTTTAATTTTCGCCGCATGATCAAACG
CAGCCCATTCCG 
908 Q86/K87AA rev CGCGCCCACACGGCAACGTTTAATCGCCGCTTCATGATCAAACG
CACGCCATTCCG 
910 K87/I88AA rev CGCGCCCACACGGCAACGTTTCGCCGCCTGTTCATGATCAAACG
CAGCCCATTCCG 
912 I88/K89AA rev CGCGCCCACACGGCAACGCGCCGCTTTCTGTTCATGATCAAACG
CAGCCCATTCCG 
914 K89/R90AA rev CGCGCCCACACGGCACGCCGCAATTTTCTGTTCATGATCAAACG
CAGCCCATTCCG 
916 R90/C91AA rev CGCGCCCACACGCGCCGCTTTAATTTTCTGTTCATGATCAAACG
CAGCCCATTCCG 
918 H84/E85/Q86AA
A rev 
CGCGCCCACACGGCAACGTTTAATTTTCGCCGCCGCATCAAACG
CAGCCCATTCCG 
Table 2.10: Double and triple alanine substitution oligos. 
Restriction sites (RsrII, AscI) are underlined, mutations are printed in bold. 
 
 
Oligo ID Mutant Oligo Sequence 
1579 TFIIBΔE85 fwd GTCCGGAATGGCGCGCCTTTGATCATCAGAAAATTAAACGC
TGCCGCGTGGG 
1580 TFIIBΔE85 rev CGCGCCCACGCGGCAGCGTTTAATTTTCTGATGATCAAAGG
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CGCGCCATTCCG 
1581 TFIIBΔE85-Q86 
fwd 
GTCCGGAATGGCGCGCCTTTGATCATAAAATTAAACGCTGC
CGCGTGGG 
1582 TFIIBΔE85-Q86 
rev  
CGCGCCCACGCGGCAGCGTTTAATTTTATGATCAAAGGCGC
GCCATTCCG 
1583 TFIIBΔH84-E85 
fwd  
GTCCGGAATGGCGCGCCTTTGATCAGAAAATTAAACGCTGC
CGCGTGGG 
1584 TFIIBΔH84-E85 
rev 
CGCGCCCACGCGGCAGCGTTTAATTTTCTGATCAAAGGCGC
GCCATTCCG 
1585 TFIIBΔH84-Q86 
fwd  
GTCCGGAATGGCGCGCCTTTGATAAAATTAAACGCTGCCGC
GTGGG 
1586 TFIIBΔH84-E85 
rev 
CGCGCCCACGCGGCAGCGTTTAATTTTATCAAAGGCGCGCC
ATTCCG 
1599 TFIIBΔD83-E85 
fwd 
GTCCGGAATGGCGCGCCTTTCAGAAAATTAAACGCTGCCGC
GTGGG 
1600 TFIIBΔD83-E85 
rev 
CGCGCCCACGCGGCAGCGTTTAATTTTCTGAAAGGCGCGCC
ATTCCG 
1601 TFIIBΔE85-K87 
fwd 
GTCCGGAATGGCGCGCCTTTGATCATATTAAACGCTGCCGC
GTGGG 
1602 TFIIBΔE85-K87 
rev 
CGCGCCCACGCGGCAGCGTTTAATATGATCAAAGGCGCGCC
ATTCCG 
1603 TFIIBΔF82-H84 
fwd 
GTCCGGAATGGCGCGCCGAACAGAAAATTAAACGCTGCCGC
GTGGG 
1604 TFIIBΔF82-H84 
rev 
CGCGCCCACGCGGCAGCGTTTAATTTTCTGTTCGGCGCGCC
ATTCCG 
1605 TFIIBΔQ86-I88 
fwd 
GTCCGGAATGGCGCGCCTTTGATCATGAAAAACGCTGCCGC
GTGGG 
1606 TFIIBΔQ86-I88 
rev 
CGCGCCCACGCGGCAGCGTTTTTCATGATCAAAGGCGCGCC
ATTCCG 
1607 TFIIBΔD83-Q86 
fwd 
GTCCGGAATGGCGCGCCTTTAAAATTAAACGCTGCCGCGTG
GG 
1608 TFIIBΔD83-Q86 
rev 
CGCGCCCACGCGGCAGCGTTTAATTTTAAAGGCGCGCCATT
CCG 
1609 TFIIBΔH84-K87 
fwd 
GTCCGGAATGGCGCGCCTTTGATATTAAACGCTGCCGCGTG
GG 
1610 TFIIBΔH84-K87 
rev 
CGCGCCCACGCGGCAGCGTTTAATATCAAAGGCGCGCCATT
CCG 
 
1611 TFIIBΔD83-K87 
fwd 
GTCCGGAATGGCGCGCCTTTATTAAACGCTGCCGCGTGGG 
 
1612 TFIIBΔD83-K87 
rev 
CGCGCCCACGCGGCAGCGTTTAATAAAGGCGCGCCATTCCG 
1613 TFIIBΔF82-K87 
fwd 
GTCCGGAATGGCGCGCCATTAAACGCTGCCGCGTGGG 
 
1614 TFIIBΔF82-K87 
rev 
CGCGCCCACGCGGCAGCGTTTAATGGCGCGCCATTCCG 
1615 TFIIBΔD83-I88 
fwd 
GTCCGGAATGGCGCGCCTTTAAACGCTGCCGCGTGGG 
 
1616 TFIIBΔD83-I88 
rev 
CGCGCCCACGCGGCAGCGTTTAAAGGCGCGCCATTCCG 
 
1617 TFIIBΔF82-I88 
fwd 
GTCCGGAATGGCGCGCCAAACGCTGCCGCGTGGG 
 
1618 TFIIBΔF82-I88 
rev 
CGCGCCCACGCGGCAGCGTTTGGCGCGCCATTCCG 
 
1619 TFIIBΔE78-R80 
fwd 
GTCCGGCCTTTGATCATGAACAGAAAATTAAACGCTGCCGC
GTGGG 
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1620 TFIIBΔE78-R80 
rev 
CGCGCCCACGCGGCAGCGTTTAATTTTCTGTTCATGATCAA
AGGCCG 
1621 TFIIBΔW79-A81 
fwd 
GTCCGGAATTTGATCATGAACAGAAAATTAAACGCTGCCGC
GTGGG 
1622 TFIIBΔW79-A81 
REV 
CGCGCCCACGCGGCAGCGTTTAATTTTCTGTTCATGATCAA
ATTCCG 
1623 TFIIBΔR80-F82 
fwd 
GTCCGGAATGGGATCATGAACAGAAAATTAAACGCTGCCGC
GTGGG 
1624 TFIIBΔR80-F82 
rev 
CGCGCCCACGCGGCAGCGTTTAATTTTCTGTTCATGATCCC
ATTCCG 
1625 TFIIBΔA81-D83 
fwd 
GTCCGGAATGGCGCCATGAACAGAAAATTAAACGCTGCCGC
GTGGG 
1626 TFIIBΔA81-D83rev CGCGCCCACGCGGCAGCGTTTAATTTTCTGTTCATGGCGCC
ATTCCG 
1627 TFIIBΔK87-K89fwd GTCCGGAATGGCGCGCCTTTGATCATGAACAGCGCTGCCGC
GTGGG 
1628 TFIIBΔK87-K89rev CGCGCCCACGCGGCAGCGCTGTTCATGATCAAAGGCGCGCC
ATTCCG 
1629 TFIIBΔI88-R90 
fwd 
GTCCGGAATGGCGCGCCTTTGATCATGAACAGAAATGCCGC
GTGGG 
1630 TFIIBΔI88-R90 
rev 
CGCGCCCACGCGGCATTTCTGTTCATGATCAAAGGCGCGCC
ATTCCG 
1631 TFIIBΔK89-C91 
fwd 
GTCCGGAATGGCGCGCCTTTGATCATGAACAGAAAATTCGC
GTGGG 
1632 TFIIBΔK89-C91 
rev 
CGCGCCCACGCGAATTTTCTGTTCATGATCAAAGGCGCGCC
ATTCCG 
1633 TFIIBΔR90-R92 
fwd 
GTCCGGAATGGCGCGCCTTTGATCATGAACAGAAAATTAAA
GTGGG 
1634 TFIIBΔR90-R92rev CGCGCCCACTTTAATTTTCTGTTCATGATCAAAGGCGCGCC
ATTCCG 
1635 TFIIBΔA81, E85, 
K89 fwd 
GTCCGGAATGGCGCTTTGATCATCAGAAAATTCGCTGCCGC
GTGGG 
1636 TFIIBΔA81, E85, 
K89 rev 
CGCGCCCACGCGGCAGCGAATTTTCTGATGATCAAAGCGCC
ATTCCG 
1637 TFIIBΔQ86,I88, 
C91 fwd 
GTCCGGAATGGCGCGCCTTTGATCATGAAAAAAAACGCCGC
GTGGG 
1638 TFIIBΔQ86,I88, 
C91 rev 
CGCGCCCACGCGGCGTTTTTTTTCATGATCAAAGGCGCGCC
ATTCCG 
Table 2.11: Oligos for deletion mutants. 
Restriction sites (RsrII and AscI) are underlined. 
 
2.4.3 High-throughput mutagenesis 
For the comprehensive mutagenesis screen mjTFIIBsynth libraries containing 19 amino 
acid substitutions for each residue between positions E78-A95 were resynthesized by 
GeneArt. Constructs were delivered in pMA vectors, extracted by NdeI/BseRI digests 
(2.3.2) and ligated into a pET24a expression vector containing the C-terminal remainder 
of the mjTFIIB sequence (pET24a-mjTFIIBC-term, 2.3.8). The different antibiotic 
resistances of the two vectors (pMA carries an ampicillin resistance gene whereas 
pET24a carries a kanamycin resistance gene) were exploited to accelerate the cloning 
procedure by making gel extraction steps avoidable: 10µl of pMA mini-prep product 
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was digested with 1.5µl of each NdeI and BseRI in a total volume of 100µl of 1x Buffer 
4 (New England Biolabs) at 37°C for 90min. Subsequently, the enzymes were heat 
inactivated for 60min at 65°C. 1µl of the digestion reaction was ligated into 0.5µl 
linearized vector in a total volume of 5ul of 1x rapid ligation buffer supplemented with 
0.5µl T4 DNA ligase. A 2.5µl sample of the ligation reaction was transformed into 25µl 
competent DH5α cells (2.5.1) and preincubated in 100µl medium. 50-100µl was 
streaked out on LB agar plates containing 25µg/ml Kanamycin. 
 
2.4.4 DNA sequencing 
10µl of plasmid preparation (typically containing 10µg of DNA) and 2µl of 8pmol/µl 
primer were submitted to Cogenics (Beckman Coulter Genomics) for automated 
sequencing. Sequences were analysed using VectorNTI (Invitrogen). 
 
2.5 General protein methods. 
2.5.1 Transformation of chemically competent cells 
Aliquots of competent cells were defrosted on ice. 1-10% (v/v) of plasmid DNA was 
added and cells incubated on ice for 20min. Afterwards, they were heat shocked at 37°C 
for 30sec and incubated for another 2min on ice. Cells carrying plasmids with 
ampicillin resistance were plated onto LB agar plates without further delay. Cells 
carrying plasmids with chloramphenicol or kanamycin resistance were preincubated in a 
100µl of antibiotic-free medium at 37°C for one hour before the cell suspensions were 
plated onto agar plates. Plates were incubated overnight at 37°C for 12-16 hours.  
 
2.5.2 Glycerol stocks. 
1.5ml of Terrific Broth medium containing the appropriate antibiotics was inoculated 
with a single bacterial colony and grown overnight. 850µl of the overnight culture was 
mixed with 150µl of 100% glycerol, vortexed and stored at -80°C. 
To inoculate expression cultures, a few cells were scraped from the frozen stock with 
sterile inoculation loops and resuspended in culture medium. 
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2.5.3 DMSO stocks. 
Individual sets of 19 amino acid substitutions per residue were frozen as DMSO stocks 
in a standardized pattern in 2D-barcoded TrakMates tubes (Fisher Scientific Ltd). Cells 
were grown as 1.5ml overnight cultures in 24-well plates. Freezing of the cells was 
carried out on the robotic platform. First, 10µl of cell culture was diluted with 90µl of 
water containing antifoam to monitor cell density by OD600 measurements. Secondly, 
950µl of cells was transferred to the freezer plates and mixed with 50ul of DMSO. To 
avoid contaminations, the pipetting needles were thoroughly rinsed in 70% isopropanol 
between pipetting steps. The freezer plates were stored at -80°C. 
 
2.5.4 Protein overexpression  
The pET expression system 
All plasmids used for protein expression in this work were constructed from pET21a(+) 
or pET24a(+) (Novagen).  These vector backgrounds contain a T7 promoter region (for 
recognition by phage T7 RNAP) that controls expression of proteins encoded by DNA 
fragments that are inserted into the multiple cloning sites. pET21a(+) contains an AmpR 
gene and pET24a(+) contains a KanR gene conferring ampicillin or kanamycin 
resistance, respectively, to the bacteria that are transformed with these plasmids. A 
cleavable hexa-histidine tag is expressed at the N-terminal end of the protein enabling 
purification of the protein by metal affinity chromatography (2.5.6). The pET 
expression system works in combination with bacterial expression strains which have a 
gene for T7 DNA dependent RNAP stably integrated on their chromosomes. This gene 
is controlled by a tranA lac promoter (lacUV5) that is repressed by the lac represser 
bound to the operator sites of the lac promoter. Expression of T7 RNAP can be induced 
by the presence of either lactose or IPTG which allosterically interact with the lac 
repressor thereby altering its conformation so it is released from the operator sequences 
allowing expression of T7 RNAP and simultaneously of the mjTFIIB variant that is 
under control of a T7 promoter. A basal level of transcription occurs in the absence of 
inducer because operator sites occupied and unoccupied by repressor protein exist in a 
dynamic equilibrium. 
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Protein expression in auto-induction medium. 
The analysis of sets of mutants requires an (ideally) identical protein concentration. To 
achieve this, the Rosetta 2 (DE3) strains carrying plasmids of the individual mutants 
were grown in 1.5ml cultures in auto-induction medium. This type of medium contains 
a mixture of glucose and lactose. During growth phase, bacteria use up the available 
glucose in the medium. They run out of glucose when they reach the desired density. At 
this point, only lactose is available which is now metabolized and induces the 
expression of genes that are under the control of lac-promoters, hence protein 
expression is induced at the same time in the individual mutants. Cells were typically 
grown for 18 hours. 
 
Large scale protein expression with IPTG induction. 
Large scale protein expressions with IPTG induction was carried out in Terrific Broth-
medium containing the respective antibiotics. 500ml medium in 2L Erlenmeyer flasks 
were inoculated with 20ml of a 50ml overnight culture. Cells were grown at 37°C 
shaking at 250rpm to an OD600 of ~ 0.6 before protein expression was induced with 
1mM IPTG. Cells were grown at 37°C for a further 2-3 hours. Finally, the cells were 
harvested by centrifugation at 6,000g for 10min. Supernatants were discarded and the 
pellets stored at -80°C. 
 
Biotinylation of Avi-tagged mjRNAP subunit H (mjH).  
For in vivo biotinylation of Avi-tagged mjH, pBirAcm (engineered from pACYC184, 
carrying a gene for biotin ligase BirA under the control of a T7 promoter) was 
purchased from Avidity. Both plasmids (pBirAcm and pET21a-Avi-mjH (2.3.11) were 
co-transformed with pACYC184 (Avidity) into BL21 (DE3) cells. The plasmids were 
maintained by the presence of chloramphenicol and ampicillin. Protein expression was 
carried out as described above using 1mM IPTG to simultaneously induce BirA and 
Avi-mjH expression and adding biotin at a final concentration of 50µM. 
 
2.5.5 SDS PAGE 
All protein samples were analysed using SDS-PAGE with the Novex gel system 
(Invitrogen) using pre-cast 4-20% Tris-glycine gels (Invitrogen).   
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Protein samples were mixed with an equal amount of 2x SDS sample buffer and heated 
at 95˚C for 10 min.  The samples were loaded into the gel, and run at 200V in 1x SDS 
PAGE running buffer for 45 min.  The gels were stained with Coomassie blue stain 
(2.2.2) overnight before being transferred to de-stain to visualise protein components.  
Protein sizes were estimated in comparison to appropriate molecular weight markers 
(New England Biolabs, Fermentas). 
 
2.5.6 Metal affinity purification of proteins 
The imidazole ring structure that is part of histidine can chelate nickel ions when two 
histidines are adjacent to each other. Nickel ions immobilized on sepharose resins or 
metal beads can therefore selectively bind proteins via their hexa-histidine tags. Non-
specific interactions are diminished by washing the resin in salt solutins. Proteins are 
eluted in imidazole containing solutions: imidazole thereby functions as a competitor, 
so proteins bound by their his-tags are released whereas nickel ions are chelated by free 
imidazole. 
 
Purification of mjTFIIB (automated procedure for 24 cultures). 
1.5ml cultures of mjTFIIB in a 24-well plate were grown at 37°C shaking at 250rpm for 
~18hrs. Expression was carried out in auto-induction medium containing 100µg/ml 
ampicillin (pET21a constructs) or 25µg/ml kanamycin (pET24a constructs). The final 
cell density was determined by diluting 10µl of overnight culture in 90µl of antifoam 
solution and measuring the OD600. 900µl of cell culture was mixed with 100µl of cell 
lysis solution and 100µl of a 1 in 5-fold diluted stock of magnetic nickel beads 
(Promega) added. To ensure efficient binding of released proteins to the magnetic 
beads, the plates were vortexed on the shaker (1min, 800rpm, clockwise rotation) for 
30min. Afterwards, the lysate bead suspension was transferred to a 96-deep well plate 
which was positioned on a magnet. To ensure complete transfer of all magnetic beads, 
the suspension was transferred in two steps of 800µl. Supernatants were removed from 
the plate on the magnet after each transfer step. To keep the beads in the 24-well plates 
in suspension, shaking was continued between transfer steps. Subsequently, 500µl of 
wash buffer was first transferred to the 24-well plates and from there to the 96-well 
plate on the magnet. This step was included to remove any remnants of beads from the 
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24-well plate. Afterwards, three additional wash steps were carried out. 500µl of wash 
buffer was directly added to the 96-well plate, the plate was moved to the shaker, 
vortexed for 1min, moved back to the magnet and the supernatant was removed. 
Finally, 100µl of elution buffer was added to the beads and the plate was incubated on 
the shaker for 30min (1500rpm, clockwise rotation). The plate was then placed again on 
the magnet and the eluates transferred to a new 96-well plate. To avoid cross-
contamination pipette tips were washed in 6M guanidine-HCl in between individual 
pipetting steps.  
 
Purification of mjTBP. 
50ml cultures of pET21a-6his-TBP in autoinduction medium (100µg/ml ampicillin) 
were grown at 37°C shaking at 250rpm overnight. Cells were lysed for 30min on a 
nutator (Clay Adams) by adding 5ml 10x FastBreak, 150µl 0.5M MgOAc2 and 100µl 
lysonase. Insoluble fractions were removed by centrifugation for 30min at 10,000rpm. 
Supernatants were passed over Ni-Sepharose columns. The resin was washed 
extensively with wash buffer and bound TBP was eluted in elution buffer. Protein 
containing fractions were pooled. 
 
2.5.7 Size exclusion chromatography: Purification of mjH (with or without Avi-
tag). 
Size exclusion chromatography allows separation of proteins according to their size. 
The resin consists of porous beads that permit differential inclusion or exclusion of 
proteins. High molecular weight proteins will pass through the column at a greater 
speed because they are not able to enter the pores of the resin beads. Low molecular 
weight proteins, will migrate at a lower speed because they enter the pores of the resin 
particles. The buffer composition will be appropriate to keep the desired protein in 
solution and the same buffer can be used for equilibration of the column and elution of 
the protein. Resin beads with pores of different sizes exist for differently sized proteins 
(e.g. S100 (here) or S300 (2.5.11) columns). 
 
mjH was expressed in 2x 500ml cultures at 37°C. Soluble protein fractions were 
extracted by sonication in buffer P300 and subsequent centrifugation. The supernatant 
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was incubated at 65°C for 20min. Insoluble denaturated E.coli proteins were removed 
by centrifugation. Solid ammonium sulphate was added to saturation. The supernatant 
was carefully decanted and centrifuged at 11,000rpm for 10min. The pellet was 
resuspended in 5ml of buffer P300. Finally, a gel filtration step on an BioRad FPLC 
S100HR (16/60) column (equilibrated in T/G N500 buffer) was carried out and peak 
fractions containing mjH were pooled.  
To enrich for biotinylated subunit H, an additional SoftLink (Promega) purification was 
carried out according to the manufacturer’s instructions.  Pooled biotinylated mjH 
containing fractions were dialyzed against T/G N100. This buffer was also used to 
equilibrate the SoftLink resin. Elution was carried out using T/G N100/5mM biotin. 
Protein containing fractions were pooled.  
 
2.5.8 Ion-exchange chromatography: Purification of mjP. 
Ion-exchange chromatography relies on interactions between charged proteins and 
charged groups immobilized on resin. In cation exchange chromatography, positively 
charged ions bind to negatively charged resins, whereas in anion exchange 
chromatography, negatively charged ions bind to negatively charged resins. For this 
work, cation exchange chromatography, more specifically S-resins, where sulphate 
derivatives are coupled to a Sepharose resin, was used. Ion-exchange columns were 
equilibrated in a buffer of low ionic strength prior to application of the sample. Protein 
elution occurs in a gradient of buffer with increasing ionic strength. The desired protein 
is eluted at a salt concentration that corresponds to its own charge properties. 
 
mjRNAP subunit P was extracted by incubation in extraction buffer supplemented with 
100µg/ml lysozyme, followed by sonication. Cell debris and insoluble proteins were 
pelleted and the supernatant was heat-inactivated at 70°C for 15min. Insoluble 
denatured E.coli proteins were removed and the supernatant was passed over a BioRad 
FPLC MonoS column. Peak fractions containing mjP were pooled. 
 
2.5.9 Bicinchoninic Acid (BCA) Assay. 
Peptide bonds reduce Cu2+ from the CuSO4 component present in the BCA reagent to 
Cu1+ whereby the amount of Cu1+ is proportional to the number of peptide bonds 
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present in the solution. In a second step, two molecules of bicinchoninic acid chelate 
Cu1+ resulting in an absorbance shift to 562nm, resulting in a purple colour. 
 
The linear range of protein concentrations which are detectable with the BCA assay is 
0-5mg/ml. The assay is thus particularly suitable for highly concentrated protein 
preparations. Additional advantages of this assay are the fact that it can be carried out in 
the presence of denaturing substances such as urea or SDS which are required in some 
protein preparations. 190µl of BCA reagent (Sigma) were mixed with 10µl of protein 
preparation. The colour reaction is time-dependent and usually needs several hours to be 
definitive. After that the colour is stable for several hours. 
 
 
2.5.10 Bradford Assay. 
Coomassie Blue binds proteins proportionally with arginine and aromatic residues 
within the protein resulting in as absorbance shift that serves as a colorimetric test. In its 
unbound (cationic form), Coomassie Blue has a maximum absorbance of 470nm and 
appears brown. In its bound (anionic) form the maximum absorbance is 595nm and the 
complex appears blue. The assay is dependent on the number of arginine and aromatic 
residues. 
 
The Bradford Assay is linear within a range of 0-1mg/ml of protein and thus is suitable 
for lower protein concentrations. Higher concentrations can be detected by diluting the 
sample prior to mixing it with the Bradford reagent. Routinely, 8µl (or 4µl for highly 
concentrated samples) of protein sample were mixed with 190µl of Bradford reagent 
(BioRad Protein Assay reagent, 1:5-diluted in antifoam containing dH2O). As the colour 
reaction happens immediately, this assay can be used to very quickly determine protein 
concentrations. The colour is not stable and measurements were therefore taken as soon 
as possible. 
 
2.5.11 In vitro RNAP assembly (large scale). 
Large RNAP subunits [A’, A’’, B’, B’’] were stored in urea containing buffer and were 
mixed in equimolar ratios in 6M urea/TG assembly buffer. Small RNAP subunits in 
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their respective purification buffers (Finn Werner, PhD thesis, 2002) were added in 
excess. The mixture was transferred to a snakeskin dialysis tube (MWCO=3.5kD) and 
dialyzed against TG assembly buffer (as above) containing decreasing concentrations of 
urea (from 6M to 0M) using a peristaltic pump. All subunits (apart from subunit P and 
H) were taken from the Weinzierl lab stock collection. RNAP was assembled in the 
absence of subunits E, F, K, and X which do not contribute to its basal activity (Werner 
and Weinzierl, 2002).  
In order to obtain highly pure RNAP fractions for bioluminescent assays, assembly 
reactions were passed over a BioRad FPLC S300 column. RNAP containing fractions 
were identified by TCA assays (2.6.1). Pyrophosphatase containing fractions that 
overlapped with RNAP containing fractions were identified by Pyrophosphatase assays 
2.6.2, bioluminescent readouts). They could thus be eliminated before fractions 
containing active RNAP were pooled.  RNAP preparations (~200µg/ml) were used in 
non-concentrated form for TCA assays (2.6.1) and gel-based abortive initiation assays 
(2.6.1 and 2.6.2) but were 10x concentrated to obtain 2mg/ml RNAP for EMSA 
experiments (2.6.4) and bioluminescent abortive initiation assays (2.6.2). 
For biotinylated RNAP preparations, biotinylated mjH was incorporated as above. 
Preparations were purified by size exclusion (2.5.7) on a BioRad FPLC S300 column 
and concentrated using YM-100 concentrators (Millipore). 
 
2.6 In vitro activity assays. 
2.6.1 TCA Assay. 
Trichloroacetic acid (TCA) assays measure the catalytic activity of RNAP by assessing 
the generation of elongated transcripts. RNAPs can initiate transcription in the absence 
of basal transcription factors, from nicked DNA, therefore activated calf thymus DNA 
(i.e. genomic DNA that has been treated with DNase I and as such is nicked) is used as 
a non-specific template. All four types of nucleotides are provided as substrates in an 
unlabelled form along with one type of the nucleotides in an α-32P-labelled form. These 
labelled nucleotides are incorporated into transcripts. Nucleic acids are precipitated in 
TCA collected on filters, washed in TCA solution which is of lower concentration and 
finally in ethanol, before the filters are dried and read by a scintillation counter. The 
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number of counts on the filters is correlated with the number of transcripts that are 
produced. 
 
TCA transcription assays were carried out in 120mM potassium acetate, 10mM 
magnesium acetate, 200mM Tris, 25mM glycine, pH8.9, 10mM DTT, 200µM ATP, 
CTP and GTP, 2.5µCi 32P-UTP and 10µM unlabelled UTP at 70ºC for 60min. RNA 
transcripts were precipitated with 15% TCA and transferred to 96well filter plates. After 
several wash steps in 10% TCA and 90% ethanol, the filter plates were dried and 50µl 
of Microscint0 added. The amount of labelled transcripts which were retained on the 
filters was determined by a TopCount scintillation counter.  
 
2.6.2 Abortive initiation assay (radioactive and bioluminescent readout methods). 
For details on abortive initation assays see 4.3. 
Abortive initiation reactions were carried out in total volumes of 25µl containing 1x 
transcription buffer (Table 2.12) supplemented with 10mM DTT, 600ng activated calf 
thymus DNA, 400µM GpC, 10µM (radioactive readouts) or 200µM (bioluminescent 
readouts) unlabelled UTP and where appropriate 2.5µCi α32P-UTP. Appropriate RNAP 
and TFIIB concentrations were experimentally determined. Samples were incubated at 
37°C (E.coli and T7 RNAP) or at 65°C (mjRNAP) for 30min.  
 
Radioactive readout. 
Portions of the samples were boiled for 2min in equal volumes of formamide loading 
buffer. 10µl of each sample was loaded on a denaturing urea gel (2.3.6) and run in 1x 
TBE for 70-80min at 225V. Afterwards, the gels were exposed to a Kodak IP screen for 
~1h and read with a Fuji FLA5000-PhosphoImager. Signals were quantified using the 
AIDA photoimaging software.  
 
Bioluminescent readout. 
The transcription reactions were 4-fold diluted in 0.1U/ml ATP sulfurylase and 100µM 
APS (adenosine-5’-phosphosulfate). 10ul of each reaction was then mixed with 10µl 
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undiluted ATP assay mix (Sigma) in white 384-well plates. Luminescence was 
measured immediately using a microplate reader. 
 
mjRNAP E.coli RNAP T7 RNAP 
250mM Tris-Cl [pH7.5] 
375mM KCl 
125mM MgCl2 
 
200mM Tris-HCl [pH7.5]  
750mM KCl 
50mM MgCl2  
0.05% Triton X-100 
400mM Tris-HCl [pH7.9] 
60mM MgCl2 
20mM spermidine 
Table 2.12: 5x transcription buffers for abortive initiation assays. 
 
 
2.6.3 Elongation assay. 
The same buffer conditions as for the abortive initiation assays (2.6.2) were used for 
elongation assays as described by Naji et al. (2008). Rather than activated DNA, 
specific nucleic acid scaffolds consisting of annealed RNA and DNA oligos were used 
at a 0.2pmol/ul concentration. The sequences of nucleic acid scaffolds were either 
identical to scaffolds used in the previously published procedure (‘all-type nucleotide 
scaffolds’), or modified by either substituting all T-residues for C residues (‘T-less 
scaffolds’), or by providing a stretch of 57 A residues (‘A57 scaffold’) (Table 2.13). All 
reactions were typically carried out with 0.75U E.coli RNAP, 37.5U T7 RNAP or an 
experimentally determined volume of mjRNAP, respectively.  
Reaction mixtures were pre-incubated at 37ºC (T7 and E.coli RNAP) or 60ºC 
(mjRNAP) for 20 min to allow formation of RNAP – template complexes. rNTPs in 
200µM concentrations were added afterwards in combinations depending on the 
template which was used: to all-type-nucleotide scaffolds mixtures of ATP, CTP, GTP 
and UTP were added, for T-less scaffolds ATP was omitted and only UTP was added to 
A57 scaffolds. For radioactive labelling of elongated transcripts and subsequent analysis 
on a gel, UTP concentrations were reduced to 5µM and supplemented with 2.5µCi α-
P32-UTP. Subsequently, the elongation reaction was allowed to proceed for 30min at 
37ºC or 60ºC, respectively. Biochemical or radioactive readouts were carried out as 
described in 2.6.2.  
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Oligo ID Mutant Oligo Sequence 
n/a RNA-strand AUUUAGACCAGGCG 
1479 All-type 
nucleotide 
DNA strand 
CCACCCTTACCTCCACCATATGGGAGATCCATTACAGCAGCCAA
GCTCAAGTACTTACGCCTGGTCATTACTAGTACTGCCGG 
1545 T-less DNA 
strand 
CCACCCCCACCCCCACCACACGGGAGACCCACCACAGCAGCCAA
GCCCAAGCACCCACGCCTGGTCATTACTAGTACTGCCGG 
1546 A57 DNA 
strand 
AAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAA
AAAAAAAAAAAAACGCCTGGTCATTACTAGTACTGCCGG 
Table 2.13: Nuclear scaffold oligos. 
Sequences that differ in the DNA templates are printed in bold 
 
 
2.6.4 EMSA (electrophoretic mobility shift assay, conventional). 
For details on EMSAs see 4.4. 
0.5µl of 
32
P-labelled probe (0.1pmol) was mixed with 1µl BSA/DTT (1mg/ml / 
100mM) in 1x binding buffer (2.5mM MgCl2, 5% glycerol, 0.1mM EDTA, 40mM 
HEPES pH7.3, 0.25mM NaCl, 5mM ß-mercaptoethanol). 130ng/µl recombinant 
mjRNAP, 2ng/µl mjTBP and 7-10ng/µl of mjTFIIB or the respective mutants were 
added to the reaction mixtures. The reaction mixture was incubated at 65°C for 20min, 
then 1µl of heparin (0.5mg/ml) was added to each reaction and the samples were 
incubated for another 20min (at 65°C). 10µl of each reaction was mixed with 6µl Native 
gel loading buffer and 10µl was loaded on a 4-20% Tris-glycine gel and run in 1x TG 
buffer at 180V for one hour. Gels were exposed to a Kodak BioMax MR film read by a 
Fuji FLA5000-PhosphoImager. Signals were quantified using the AIDA photoimaging 
software. For standard assays, the SSV T6 promoter was used as probe, for stability and 
specificity assays (6.5) scrambled promoter sequences were used (Table 2.14). 
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Oligo ID Probe Oligo Sequence 
592 SSV T6 promoter fwd GATTGATAGAGTAAAGTTTAAATACTTATATAGAT
AGAGTATAGATAGAGGGTTCAAAAAATGGTT 
593 SSV T6 promoter rev AACCATTTTTTGAACCCTCTATCTATACTCTATCT
ATATAAGTATTTAAACTTTACTCTATCAATC 
1683 Scrambled SSV T6 
promoter fwd 
TGAATTTAGAGAGAGAAGGAATTTGAATATAAATT
GAGATTTAGTATGACCGTATAATAGGATAAT 
1684 Scrambled SSV T6 
promoter fwd 
ATTATCCTATTATACGGTCATACTAAATCTCAATT
TATATTCAAATTCCTTCTCTCTCTAAATTCA 
1685 Scrambled BRE and TATA 
box fwd 
GATTGATAGAACGGGACCCGGGCGCTTATATAGAT
AGAGTATAGATAGAGGGTTCAAAAAATGGTT 
1686 Scrambled BRE and TATA 
box rev 
AACCATTTTTTGAACCCTCTATCTATACTCTATCT
ATATAAGCGCCCGGGTCCCGTTCTATCAATC 
1687 Scrambled surrounding 
sequence fwd  
AAATGATTGGGTAAAGTTTAAATAAAGACAAAGAG
TTGTATAACATGTGTAGTGATTAAATGTAGT 
1688 Scrambled surrounding 
sequence rev 
ACTACATTTAATCACTACACATGTTATACAACTCT
TTGTCTTTATTTAAACTTTACCCAATCATTT 
Table 2.14: Probe sequences for EMSA. 
BRE printed in bold, TATA box underlined. 
 
 
2.6.5 High-throughput recruitment assay.  
Binding reactions were carried out in the presence of biotinylated RNAP as described in 
2.6.4. 10µl binding reaction was mixed with 5µl magnetic streptavidin beads 
(Invitrogen) and incubated at room temperature for 15min. Supernatants were removed 
using a magnetic Eppendorf tube rack and beads were washed twice in 250µl 1x TG-
buffer/0.05% TritonX-100. Finally, another wash step was carried out in 250µl 1x TG-
buffer before the beads were resuspended in 150µl TG buffer. 100µl suspension was 
mixed with 50µl Microscint40 and counted in a TopCount scintillation counter.  
Chapter 3: In silico analysis of TFIIB 
 88
 
Chapter 3:      In silico analysis of TFIIB. 
 
3.1 Significance of bioinformatic tools in structural-functional 
analysis of proteins. 
The mutagenesis screen that was carried out was based on models of limited 
informative value. TFIIB was therefore extensively assessed in silico prior to any 
experimental work. Bioinformatics do not replace experiments in the analysis of protein 
structure and function. Various programmes, however, do provide a large toolbox for in 
silico dissection of a protein. They generate the possibility of drawing preliminary 
conclusions, provide guidance for experiments, and might even give hints about 
potential protein functions that might not have been tested otherwise. In light of the low 
quality structural data (Bushnell et al., 2004; Kostrewa et al., 2009; Liu et al., 2009), 
information obtained by means of a bioinformatics approach provided an additional 
platform for the interpretation of lab-based results. In the following chapter, a detailed 
analysis of TFIIB, more specifically the B-reader sequence (F73-M97 in mjTFIIB) that 
encompases the B-finger sequence (E78-R92 in mjTFIIB) is presented. The various 
bioinformatics tools that were applied to assess the B-reader sequence in silico render 
residues of the B-reader helix and the C-terminal half of the B-reader helix as 
particularly important (3.2, 3.3, 3.4). This is consistent with experimental data obtained 
by others (Kostrewa et al., 2009; Thompson et al., 2009) and provides additional 
evidence that the B-reader sequence is of structural and functional interest and therefore 
worth investigating. Results obtained here complement available structural data. To 
fully understand structural-functional interactions between the TFIIB linker and RNAP 
a high-resolution mutagenesis screen would also be desirable (3.6). 
 
3.2 B-reader length and residue conservation (FRpred). 
3.2.1 B-reader conservation – an overview. 
The first task was to establish whether those residues of the TFIIB linker which had 
been assigned to the B-finger or B-reader domain, respectively, were likely to be of 
functional interest. The phylogenetic analysis of a given protein provides a powerful 
tool to determine domains of structural and functional importance. In sequence 
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alignments, a protein can be compared to its homologues in other species. Usually, 
clusters of highly conserved residues highlight crucial domains. Homologous proteins 
of closely related species will share a much higher proportion of identical (or similar) 
sequences. The conservation of residues in homologous proteins of distant species is 
thus a good indicator for their importance. 
 
To evaluate the conservation of the B-reader domain, the entire mjTFIIB sequence was 
submitted to the FRpred programme (http://toolkit.tuebingen.mpg.de/frpred) (Fischer et 
al., 2008). The programme performed a comprehensive BLAST search and provided an 
alignment of a large number of proteins homologous to mjTFIIB. Compared sequences 
included the respective TFIIB sequences from other species, as well as putative proteins 
and hypothetical proteins. Species which were compared against each other fall into 
different classes, namely Viruses, Bacteria, Nanoarcheota, Korarcheota, Crenarcheota, 
Euryarcheota, Viridiplantae, Amoebozoa, Cryptophyta and Fungi. To appreciate the 
most important biological model systems, TFIIB sequences from S. cerevisiae, D. 
melanogaster and H. sapiens were manually added to the alignment. Some species, e.g. 
Halobacterium salinarum are represented with different subtypes of TFIIB. In total, 117 
sequences were compared against each other.  
A conservation score was calculated for each individual residue based on amino acid 
frequencies. Highly similar or identical residues were rewarded, whereas gaps were 
penalised. Additionally, the relative solvent accessibility and the predicted secondary 
structure were taken into account in order to establish a meaningful conservation score 
of a given residue emerging from background frequencies. Completely unconserved 
columns received a score of 0 whereas fully conserved columns received the maximum 
score of 9 (Fischer et al., 2008). A subtyping score evaluated tree-determining positions, 
i.e. clusters of identical residues occurring in related species (Fischer et al., 2008). The 
relative solvent accessibility score as determined by SABLE (Adamczak et al., 2004) 
was presented as a score ranging from 0-9 (Fischer et al., 2008).  
To facilitate the extraction of relevant phyolgenetic similarities, sequences were sorted 
manually according to species relationships (see Figure 8.1 to view the complete 
sequence alignment). To this end, taxonomy information was obtained from NEWT 
(http://www.uniprot.org/taxonomy/) (Phan et al., 2003) and fed into a phylogenetic tree 
template (Brochier-Armanet et al., 2008). 
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The B-reader domain exhibited three clusters of different degrees of conservation. The 
B-reader helix at the N-terminal end, in particular the signature EWR motif, is highly 
conserved. The N-terminal half of the B-reader loop is not conserved, whereas a number 
of conserved residues were found in the C-terminal half of the loop. Particularly 
prominent amongst these residues is R92 (in M. jannaschii) that had previously been 
proposed to be a salt-bridge residue. A higher degree of conservation of certain residues 
coincided with the prediction of a (comparably) lower solvent accessibility. This 
indicated a potential structural function of these residues. Even though the lack of 
conservation was most prominent when all sequences were compared, it also persisted, 
to a lesser degree, within subgroups of closely related species. To illustrate this, 
sequence logos were created for the full alignment as well as for individual subgroups 
using the WebLogo software (http://weblogo.berkeley.edu/) (Crooks et al., 2004) 
(Figure 3.1). The sequence diversity was influenced by the number of sequences 
compared against each other in individual subgroups. For this reason, the sequence logo 
created for the Metazoa, which are represented by only four species, was uniform. 
Interestingly, the B-reader helix and the C-terminal half of the B-reader loop were 
dominated by basic/hydrophobic residues whereas residues in the N-terminal half 
tended to be acidic (with a few exceptions). The proximity of the B-reader loop to 
nucleic acids as well as the observation that this part of the B-reader loop is required for 
transcription bubble stabilisation might infer interactions between the loop and the DNA 
template. 
 
Figure 3.1: Residue Conservation (see next page). 
A: A sequence logo illustrates conserved residues emerging from a comprehensive sequence alignment. 
Residues of the B-reader helix and the C-terminal half of the B-reader loop (i.e. the lateral residues of the 
original B-finger) are highly conserved whereas the N-terminal half of the B-reader loop (the tip region of 
the B-finger) is variable.  
B: The conservation pattern is maintained within individual groups. Occasionally, residues of the N-
terminal half of the B-reader emerge as more highly conserved within one group then in others, e.g. 
corresponding residues of R90 in archaeal proteins favour K or R at this position whereas the homologous 
eukaryotic proteins display a conserved P residue at the same position. 
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Figure 3.1: Residue Conservation 
for figure legend see previous page. 
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3.2.2 Conservation of B-reader residues – in detail. 
Homologous proteins occurring in different species can be traced back to a common 
ancestor. Random mutagenesis and natural selection promote the evolution of proteins 
in different ways. Substitution of those residues which are vital for the structural 
integrity or the function of a protein would make the protein dysfunctional. For this 
reason, crucial residues will generally be invariant in homologous proteins or will only 
tolerate conservative substitutions (i.e. by amino acids of similar properties).  
For some positions within the B-reader (F73-M97) sequence certain residues were 
conserved by more than 70%. For the following analysis, only these certain residues 
were considered. Sequence and numbering refer to the M. jannaschii protein (Figure 
3.2).  
 
Based on structural studies defining the B-reader model (Kostrewa et al., 2009) it is 
implied that a high degree of conservation among residues F73-F82 may indicate a 
structural contribution of these residues to the maintenance of the B-reader helix. 
Residues D83-M97 constitute the flexible B-reader loop. Highly conserved residues in 
this portion of the protein are less likely to fulfil a structural role but may impart a 
functional role of the protein. The B-finger model (Bushnell et al., 2004; Liu et al., 
2009), on the other hand, requires the putative salt bridge residues E78 and R92 and 
residues in the B-finger tip (D83-K87) to be highly conserved in order to maintain both 
structural and functional roles. 
 
D74 is the first highly conserved residue within the B-reader helix. It is predominant in 
92% of the sequences in the alignment and only a few crenarchaeal proteins display E 
or S in this position. Another exception is a bacterial protein that shows homology with 
TFIIB but shows a Q substitution in this position. A conserved hypothetical protein of 
Aspergillus terreus lacks this residue completely. 
The second residue with a high degree of conservation is at position 76. G was found in 
79% of all examined species, some fungal proteins display A, C, R, S, T, or no residue 
at all at this position. 
Surprisingly, position 77 is occupied by P in 72% of sequences. Exceptions were found 
within the eukaryotic domain where S predominates (S was also found in S. cerevisiae). 
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Further rare substitutions at these positions are A, R, Y, or the absence of this residue 
altogether. The occurrence of P within a helix seemed paradoxical as P is known to be 
an alpha-helix breaker. Observations regarding the RNAP bridge helix, however, have 
shown that P can favour a kinked conformation. This mimics a transition state in 
catalysis and accordingly boosts transcription (Tan et al., 2008). Along these lines, a 
kink in the B-reader helix might also be essential for its mechanism. 
E78 is the first residue of the B-finger domain and still within the B-reader helix (1.6.2). 
It can be found in 97% of all compared sequences. In exceptional cases, E is 
conservatively substituted by D in the TFIIB sequence of Sulfolobus solfataricus P2 and 
Candidatus Korarchaeum cryptofilum OPF8. In a conserved hypothetical protein of 
Aspergillus terreus NIH2624 the residue does not exist at all (Figure 3.2). To a slightly 
lesser extent (93% conservation), a similar observation was made for the adjacent 
residue, W. The exceptions are two uncultured marine crenarcheotes 
(HF4000_APKG3B16 and HF4000_ANIW141J13), which exhibit A or R residues, 
respectively, at this position. Different TFIIB variants of Nitrosopumilus maritimus 
SCM1 display N or T residues or omit this residue completely. The position is occupied 
by H in Staphylothermus marinus F1 and by P in Crenarchaeum symbiosum A. Another 
hypothetical protein of Aspergillus terreus NIH2624 is without residue at this position 
(Figure 3.2). R at position 80 is again almost fully conserved (95.7%) with exceptions 
only in two Nitrosopumilus maritimus SCM1 TFIIB variants that contain I or N instead. 
A putative TFIIB protein of the uncultured crenarcheote HF4000_APKG3B16 species 
features a K residue at this position and Crenarcheum symbiosum A TFIIB displays T. 
In a conserved hypothetical protein of Aspergillus terreus NIH2624 this position is not 
occupied at all (Figure 3.2).  
F82 is widely conserved as well. Exceptions mainly cluster within crenarchaeal species 
where G, H, I, P, S, and Y were found. Two fungal proteins as well as the TFIIB 
homologues of Pyrobaculum calidifontis and Thermoproteus neutrophilus lack the 
residue altogether. R92 in the most N-terminal position of the original B-finger is also 
highly conserved (91%). Exceptions at this position were found in Candidatus 
Korarchaeum cryptofilum OPF8, Nitrosopumilus maritimus SCM1, Thermoproteus 
neutrophilus V24Sta which all contain an H at this position, Aspergillus terreus 
NIH2624 features an S residue. A hypothetical protein SNOG_07914 of Phaeosphaeria 
nodorum SN15 displays T. No residue was found at this position in three Pyrobaculum 
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species and a Y in Pyrobaculum calidifontis. The discrepancy to other Pyrobaculum 
TFIIBs might, however, be due to an incorrect alignment (Figure 3.2). The high degree 
of conservation of these residues supports their structurally and functionally crucial 
role.  
G94 is conserved in 91% of all species. Two prominent exceptions presented 
themselves in S. cerevisiae and H. sapiens, where A or D, respectively, were found at 
this position. Other exceptions (R, S, T, A) were found in crenarchaeal proteins. P96 is 
the last conserved residue (73%) within the examined sequence section. Only a few 
exceptions were found within archaeal proteins (again, predominantly amongst the 
crenarchaeal proteins), A is the predominant residue in eukaryotes. Exceptions to 
highlight here are S. cerevisiae with N and H. sapiens with Q in this position. 
The central part of the B-reader presented a largely random collection of residues which 
hampered both a precise and unambiguous alignment, as well as effort to extract useful 
information from them. Some of these residues emerged as conserved residues in 
subgroups potentially pointing to co-evolution with an interaction partners. 
 
Overall, the sequence conservation pattern observed supports the B-reader model rather 
than the B-finger model by identifying residues of the B-reader helix and the C-terminal 
half of the B-reader loop as important. The prediction of functionally important B-finger 
tip residues (based on the B-reader model), however, is inconsistent with this 
conservation pattern.  
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Figure 3.2: Highly conserved B-reader residues and the frequency of their substitutions in the 
alignment. 
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Figure 3.2: Highly conserved B-reader residues and the frequency of their substitutions in the 
alignment.  
Only residues with a frequency of more than 70% were considered. These residues occur either within the 
B-reader helix or at the C-terminal end of the B-reader loop. 
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Structural data reported by Bushnell et al. (2004) predict the B-finger domain to project 
into the active centre of RNAP where it is likely to contribute to the catalytic steps of 
transcription. This implies that the B-finger must have a certain length in order to reach 
the catalytic site. Similarly, different clusters of the B-reader residues have been 
predicted to fulfil structural and/or functional roles. As it seems likely that interactions 
of certain residues with RNAP residues are required to maintain these roles of the B-
reader, the spacing of such residues can be expected to be confined leaving little 
flexibility to accommodate B-readers of different sizes. Both models would therefore be 
consistent with a high degree of conservation of B-finger/B-reader length. 
Strikingly, in spite of a lack of sequence conservation within the central part of the B-
reader, its length is highly conserved. Lengths vary between a relatively constricted 
range of 20-27 residues, whereby a length of 25 amino acids is by far the most 
predominant. Variations to this theme were mainly found within the Crenarcheota, 
which occasionally exhibit shorter B-reader lengths. Longer B-readers were found in 
eukaryotic species, namely D. melanogaster and H. sapiens with 26 amino acids each, 
or in S. cerevisiae with a length of 27 amino acids. A conserved hypothetical protein of 
A. terreus presented a truncated B-reader equivalent of only 15 amino acids length. 
Inspection of the sequence content, however, indicated that the overall similarity of this 
protein to other TFIIBs is minor and therefore may not represent a true TFIIB 
orthologue. Amongst the remaining proteins, residue additions or subtractions mainly 
occur within the B-reader loop. Its high degree of conservation strongly suggests that 
the length of the B-reader is crucial for its function (Figure 3.3).  
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Figure 3.3: Comparison of the frequency of B-reader lengths. 
Even though the central region of the B-reader is variable, its total length is highly conserved with most 
protein orthologues of the alignment showing a length of 25 residues. Deviations were mainly found 
within the Crenarcheota showing a variety of shorter domains. TFIIB orthologues within the metazoa 
display longer B-readers. 
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3.3 SNAP – combined in silico knowledge and the impact of 
mutations. 
 
3.3.1 Multiple parameters are combined to predict the effect of mutations. 
For labworkers who do not have access to high-throughput tools, detailed mutagenesis 
studies pose a laborious and tedious task. They are therefore often considered as a 
hurdle that is not worth undertaking. Nevertheless, mutagenesis studies provide 
insightful knowledge that help to understand a protein both on its own and within its 
interaction network. To bridge this gap, a bioinformatics tool, called SNAP (screening 
for non-acceptable polymorphisms, 
http://cubic.bioc.columbia.edu/services/SNAP/submit.html), has been developed 
(Bromberg and Rost, 2007, 2008). This software predicts which changes to the amino 
acid sequence are likely to affect the function of the protein. Only the amino acid 
sequence is required as an input. The programme then retrieves and –in a neural 
network structure - assesses information from various sources including evolutionary 
information (i.e. the residue conservation within the respective protein family (Bateman 
et al., 2004)), predicted biochemical properties of a protein (e.g. secondary structure 
(Rost and Sander, 1993), solvent accessibility (Rost and Sander, 1994) and flexibility 
(Schlessinger et al., 2006)) as well as transition frequencies (i.e. the probability of 
observing certain mutations) (Bromberg and Rost, 2007). Amino acids are grouped into 
buried, intermediate and exposed residues. This practice accommodates for unequal 
effects of amino acid changes in different domains of a protein assuming that non-
neutral amino acid substitutions perturbate protein structure and/or function (Bromberg 
and Rost, 2007, 2008). SNAP provides a useful tool for filtering data prior to setting up 
experiments and it facilitates the pre-selection of potentially interesting candidate 
mutants. The programme picks up gain-of-function mutations as well as loss-of-
function mutations but does not distinguish between them. Amino acid substitutions are 
categorised into ‘neutral’ or ‘non-neutral’. Behind the scenes, however, the prediction of 
effect is not binary, but is calculated as a difference between these two extremes. Users 
are given the opportunity to choose thresholds that determine at what level a 
substitution is considered as non-neutral and thereby can set their own standards in the 
trade-off between accuracy (as predictions with high differences are very accurate but 
Chapter 3: In silico analysis of TFIIB 
 100
cover only a few mutants) and coverage (predictions with low differences that are 
inaccurate but cover all mutants) (Bromberg and Rost, 2007).  
 
3.3.2 Residues on either end of the B-reader are sensitive to mutations. 
To predict the effects of B-reader residue substitutions, the entire mjTFIIB sequence 
was fed into the programme. Single residue substitutions were defined and their effect 
was calculated. Based on these predictions, a table was created illustrating all 
potentially neutral or non-neutral effects of mutations to the B-reader sequence (Figure 
3.4). The results provide a general picture of the sensitivity of individual residues to 
mutations. Strikingly, residues of the B-reader helix as well as residues of the C-
terminal half of the B-reader loop indicate a high density of potentially significant 
mutations whereas potentially neutral mutations seem to cluster within residues of the 
B-finger tip. One prominent exception is I75 within the B-reader helix which is 
predicted to be totally insensitive to mutations. This is consistent with the low degree of 
conservation of this residue. These results coincide with a high degree of amino acid 
conservation in the central part of the B-reader helix and in a set of three residues (R92-
G94) at the C-terminal end of the loop. This indicates that mutations in these regions are 
highly likely to result in more severe effects than in unconserved B-reader loop regions. 
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Figure 3.4: SNAP results for the B-reader mutants. 
The effects of amino acids substitutions are predicted as neutral or non-neutral. Neutral effects are 
predominantly associated with the N-terminal half of the B-reader loop whereas the C-terminal half of the 
B-reader loop and the B-reader helix are predicted to be more susceptible to mutations.  
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3.3.3 Bridge helix residues Q823, S824 and G825 serve as a control for SNAP 
predictions. 
A subset of bridge helix residues that have been analysed experimentally before were 
subjected to SNAP prediction in order to evaluate the reliability of theSNAP predictions 
(predictions were run by Yana Bromberg). Residues Q823, S824 and G825 of mjA’ 
have been proposed to be located in a region that might undergo a series of structural 
changes during the nucleotide addition cycle (1.3.3). These structural changes may 
accommodate interactions with the trigger loop. Accordingly, a number of particularly 
interesting mutants have been found in this region (Tan et al., 2008). SNAP predictions 
for these three residues are shown in Figure 3.5. Predictions are accurate for most 
mutants (e.g. all substitutions of G825 - predicted to have the highest number of non-
neutral phenotypes by SNAP - resulted in severe defects in transcription assays). 
Certain neutral phenotypes, however, were predicted incorrectly (e.g. Q823D or Q823E) 
whereas others were missed out (e.g. S824Q which displayed wt-like performance). 
This might indicate that the programme fails to predict phenotypes that affect 
intermolecular interactions. Whereas G825 has been reasoned to generate a natural (and 
obviously crucial) kink in the bridge helix (Nottebaum et al., 2008), S824 and Q823 
have been suggested to engage in interactions with the trigger loop resulting in a 
transient kinking of the helix (Tan et al., 2008). With mjA’ being assessed in isolation 
for SNAP predictions, the loss of such interactions might not become apparent.  
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Figure 3.5: SNAP predictions for bridge helix residues Q823, S824 and G825. 
The effects of amino acids substitutions are predicted as neutral or non-neutral. mjA’-Q823 shows the 
highest density of predicted neutral mutants.  
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3.4 PROFbval – Determining the flexibility of the reader domain 
 
3.4.1 Algorithm for flexibility predictions. 
Those residues which contribute to the structural framework of a protein can be 
assumed to be rigid maintained through a network of interactions between residues 
within the same protein. Residues that contribute to specific functions of a protein, on 
the other hand, may be exposed and flexible in order to engage in interactions with 
residues of other proteins. Mutation of a protein domain may result in changes to its 
flexibility pattern: Residues might loose connection to other residues resulting in 
disruption of the structure. Other residues might, upon substitution, now form part of a 
structural network and thereby loose their property of being able to contribute to 
protein-protein interactions. Changes to the predicted flexibility pattern of a protein 
domain may therefore serve as an explanation for the experimental data. 
 
The B-finger domain (1.6.1) being part of the flexible linker domain has been assumed 
to be flexible as well. Nevertheless, residues at the extreme C- and N-terminal ends of 
the B-finger subdomain have been suggested to form a salt-bridge (Pinto et al., 1994) 
forcing the B-finger into a loop-like structure. This loop-like structure is required to 
insert the B-finger into the RNAP active centre, although evidence of this salt bridge is 
weak (Pinto et al., 1994; Thompson et al., 2009). The B-reader model (1.6.2) is based 
on recently published structural data which gives a refined view on the TFIIB linker 
domain and suggested secondary structure elements may exist (Kostrewa et al., 2009). 
These data are still low resolution, and partially incomplete. Whilst awaiting further 
experimental assessment, in silico predictions about the flexibility of the B-finger in 
combination with the available data can contribute to the understanding of structural-
functional relationships.  
Predictions were carried out using the PROFbval web-tool 
(http://cubic.bioc.columbia.edu/services/profbval/) (Schlessinger et al., 2006). In a 
neural network structure, this programme evaluates the local environment of each 
residue and combines evolutionary data with predictions about secondary structure and 
solvent accessibility to determine its flexibility. In contrast to similar programmes, 
PROFbval also considers global information about the protein such as length, secondary 
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structure content and the ratio between flexible and buried residues (Schlessinger and 
Rost, 2005). Predictions about protein flexibility were provided as normalized B-values 
which were calculated according to the following algorithm: 
   Bnorm= (B-<B>)/σ. 
<B> is the average of all B-values within a given protein and σ is the standard 
deviation. Most residues reached Bnorm-values ranging from -3 to +3, whereby higher 
Bnorm-values indicated greater flexibility. Based on these Bnorm-values, flexibility was 
predicted in a binary mode. Thresholds were set in a strict or nonstrict mode, in the first 
case assuming that most residues are rigid, in the latter assuming that most residues are 
flexible (Schlessinger et al., 2006).  
 
3.4.2 The B-reader sequence has got flexible and rigid regions. 
To analyse flexibility, thresholds were set in a strict mode (3.4.1).  
The flexibility pattern predicted for mjTFIIB residues F73-M97 highlighted a stretch of 
5 residues in the centre of the B-reader domain that were not only predicted to be 
exposed but also exhibit the greatest degree of flexibility.  
The B-finger model claims the presence of an unstructured loop between a set of 
residues forming a salt-bridge structure on either of its ends. The B-finger ‘tip’ 
coincided with those residues predicted to be the most flexible (Figure 3.6A and B). It 
seems reasonable to assume that salt-bridge residues must be shielded and – being of 
structural importance – rigid. Flexibility predictions indicate that residues E78 and R92 
are exposed and are therefore in contradiction to the B-finger model. Residue E78 has a 
positive B-value, arguing for a relatively high degree of flexibility which is, however, 
below the set threshold. 
The B-reader model claims the presence of a helical structure. Other secondary structure 
elements are found within the B-linker. The B-reader loop in between the B-reader and 
the B-linker is described as unstructured. The alternating pattern of exposed and buried 
residues between F73 and F82 supports the prediction of a helical structure at the N-
terminal end of the sequence. Most of the residues predicted to be buried are arranged 
on one face of the helix, whereas all the residues predicted to be exposed are arranged 
on the other face. The predictions thus strongly support findings that elements of the B-
reader sequence are of functional importance. Most residues at the C-terminal end of the 
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B-reader were predicted to be buried which does not quite match with its property of 
being a flexible loop. It might, however, indicate intramolecular interactions. Strikingly, 
R92, the yeast counterpart of which is important for stabilisation of the transcription 
bubble, is predicted to be exposed (Figure 3.6A).  
In conclusion, the flexibility predictions accommodate the B-reader model much more 
than the B-finger model. 
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Figure 3.6: Flexibility prediction of F73-M97 and distribution of buried and exposed residues in the 
B-finger or the B-reader model. 
A: The PROFbval software package predicts buried and exposed residues. In the N-terminal third of the 
examined linker region buried and exposed residues more or less alternate. In the central third, residues 
are predominantly exposed whereas in the C-terminal third they are mainly buried.  
B: Applying these predictions to the B-finger and the B-reader model show that the tip of the B-finger is 
exposed. However, the two putative salt bridge residues are predicted to be exposed as well which is 
inconsistent with their proposed function. The predictions comply much better with the B-reader model: 
Exposed or buried residues form distinct faces on the domain. The model is based on the open-complex 
structure obtained from http://www.lmb.uni-muenchen.de/cramer/publications/index.htm. M. jannaschii 
residues were modelled into the structure. Exposed residues: yellow, buried residues: black. 
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3.4.3 Point mutations alter the flexibility pattern of the B-reader. 
The impact of point mutations on the predicted flexibility patterns was checked for six 
representative residues, i.e. the two putative salt-bridge residues, E78 and R92; W79 
which is closest to the lid domain (5.5); the two central residues E85 and Q86 and a 
residue at the C-terminal end, namely K89. The prediction curves for each set of 
mutants were plotted within single graphs with the wt sequence being highlighted in 
red. They essentially show that changes in the flexibility pattern caused by mutations at 
positions E85 or Q86 mainly perturbate the flexible central part of the protein segment. 
The lateral ends of the curves are in synchrony with the wt curve with negligible 
deviations. To a lesser extent, this is also true for mutations in K89 whereby the C-
terminal end of the curve exhibits slightly bigger deviations than was seen for the other 
two residues. Mutations at either of the two N-terminal residues cause strong deviations 
of the flexibility pattern at the N-terminal end. The same is true for mutations at R92 
and the C-terminal end. Such a result was expected and is consistent with both the 
sequence conservation pattern and experimental data (Figure 3.7) (Kostrewa et al., 
2009; Thompson et al., 2009). 
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Figure 3.7: Flexibility prediction of TFIIB linker residues. 
for figure legend see next page.
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Figure 3.7: Flexibility prediction of TFIIB linker residues. (previous page): 
Mutating individual residues affects flexibility predictions. Mutations in the central residues only affect 
the flexible part of the domain whereas the lateral parts remain unaffected. Similarly, mutations in lateral 
residues alter the flexibility pattern in their environment. 
 
 
 
3.4.4 Control: The flexibility pattern of C64S deviates from the flexibility pattern 
of wt TFIIB. 
To substantiate the prediction confidence, a graph was generated for a residue that is of 
structural importance: C64 corresponds to residue C37 in human TFIIB which has been 
identified as a crucial residue complexing the Zn atom in the Zn-ribbon domain. This 
domain is essential for RNAP recruitment. Substituting this residue by serine is 
reasoned to result in disruption of the Zn-finger structure - accordingly leading to a 
drastic phenotype. In fact, only low levels of transcription where detected for this 
mutant (Buratowski and Zhou, 1993). This phenotype, as a result of a major structural 
disruption, is well reflected by the PROFbval predictions. Substituting C64 by S alters 
the Bnorm value of this particular residue as well as those of its neighbouring residues 
creating a flexibility pattern that is very different to the wt pattern (Figure 3.8). This 
observation indicates that changes to the Bnorm values upon mutation can indeed provide 
some information about potentially significant functional residues.  
Chapter 3: In silico analysis of TFIIB 
 111
 
 
 
 
Figure 3.8: Flexibility prediction control 
A C64S substitution in the Zn binding domain dramatically changes the flexibility prediction for both the 
affected residue as well as the entire domain. Being essential to establish the Z-finger, mutations in C64 
can be assumed to substantially disrupt the structural context. The flexibility prediction is thus consistent 
with this assumption.  
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3.5 FoldIndex – prediction of stability alterations in B-finger mutants. 
3.5.1 Algorithm and overall stability pattern of TFIIB. 
Functions of protein domains are not only determined by their flexibility (3.4) but also 
by their folding state and stability. The exact conformation of secondary and tertiary 
structures of a protein is crucial: in enzymes a network of intramolecular interactions 
will define the active site, in structural proteins those residues that engage in protein-
protein interactions must be appropriately positioned. Residues in the core of a protein 
maintain its overall shape only when they are able to interact in the correct way with 
other residues. A change in the folding state of a protein domain caused by mutations 
might therefore alter its overall stability and structural integrity. If in experiments a 
mutation was found to significantly change the properties of TFIIB, such changes could 
then be taken as an explanation of the observed effect.  
 
The FoldIndex prediction tool exploits an algorithm developed by Uversky et al. (2000) 
which differentiates between folded and unfolded proteins based on a formula 
considering the average charge and the net hydrophobicity of the sequence. This 
algorithm was rearranged to create an index that predicts the folding state of a protein: 
   IKDF=2785 <H> - |<R>|-1.151. 
Proteins or protein domains that are likely to be folded are represented by positive 
values and intrinsically unfolded ones are represented by negative values (Prilusky et 
al., 2005). The programme returns a single index for the full-length protein. 
Additionally, details for each window (see below) can be displayed showing fold 
indices for smaller groups of residues.  
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Figure 3.9: FoldIndices for full-length TFIIB and comparison with TFIIB orthologues of other 
species. 
A window size of 51 and a step size of 1 were used (see text for explanations). Overlay projections were 
generated according to sequence alignments with gaps in the plots representing residues that do not exist 
in all species. Residues with positive FoldIndices (green area) have got a higher stability than residues 
with negative FoldIndices (red area). The examined proteins show the same overall stability pattern with 
differences in the absolute degree of stability of individual residues. The B-linker region that was subject 
to mutagenesis is highlighted by an orange bar. 
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The full-length protein was examined using a window size of 51 and a step size of 1. 
This means that charge and hydrophobicity of sets of 51 amino acids were used to 
determine how these individual 51 amino acids influence the overall folding state and 
stability of the set. The FoldIndex that was calculated for the set can thus be seen as a 
measure of folding state and stability. Set of amino acids were analysed in a single-step 
overlapping manner (i.e. for mjTFIIB the first FoldIndex was calculated for residues 
M1-V51, the second FoldIndex was calculated for residues V2-K52).  
 
TFIIB orthologues of several other archaeal species as well as yeast and human TFIIB 
proteins were analysed in the same way. FoldIndices were plotted and resulting curves 
aligned according to sequence alignments (i.e. the FoldIndex of each set of 51 amino 
acids was assigned to the residue in the middle of its window, e.g. to residue E26 for the 
first window, to K27 for the second; gaps in the plots represent gaps in the alignments). 
All curves show the same general layout with peaks of stability at the N-terminal and C-
terminal ends reflecting the folded structures of the Zn-ribbon domain and the core 
domain. Minima in the curves represent the linker region. Individual points of the 
curves deviate within a FoldIndex range of up to 0.6, reflecting higher or lower 
stabilities of a particular protein domain of different TFIIBs. However, as all the curves 
peak and bottom out in the same way, this observation probably does not have any 
significant consequences for protein function (Figure 3.9).  
 
3.5.2 Point mutations shift FoldIndex predictions. 
By choosing the smallest possible window size of 3 and a step size of 1 (for explanation 
see 3.5.1), the influence of mutations on the stability of the mutated residue as well as 
its flanking residues can be assessed directly. Each point mutation will be part of three 
windows: For E78 these three windows would be: G76/P77/E78, P77/E78/W79 and 
E78/W79/R80. The resulting FoldIndices can be plotted in a single graph and illustrate 
how E78 determines the stability of itself and its neighbouring residues. FoldIndex 
curves for amino acid substitutions of E78 deviate from the wt pattern and thereby 
indicate that mutation of this residue is likely to have a severe effect on the protein 
domain by changing its overall folding state. Drastic structural phenotypes can be 
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expected to be reflected by a noticeable change in the stability pattern of the residue in 
question.  
 
Graphs have been created for the 18 residues of the B-reader that were subjected to 
mutagenesis (Figure 3.10). A common feature of these graphs is that most predicted 
fold indices are negative and therefore indicate an intrinsically unfolded state of the 
protein domain. This is consistent with results obtained by analyzing the full-length 
protein. Other general observations are that hydrophobic residues are associated with 
greater stability. Hydrophilic and aromatic residues generate a medium degree of 
stability whereas charged residues have a destabilizing effect.  
Substitutions of most residues resulted in a shift of the stability pattern to an either more 
or less stable state. The stability of the mutants deviates within a FoldIndex range of <2. 
The stability pattern that residues display in relation to each other is, in most cases, not 
substantially changed. A few exceptions to this include E78 the stability pattern of 
which is only kept in the case of the conservative E78D substitution whereas all other 
substitutions alter the pattern substantially. This suggests that mutations at this position 
can be expected to have substantial functional impact. Similarly, particular mutations 
change the stability patterns in some residues: positively charged residues K and R as 
well as negatively charged residues D and E alter the pattern of residue W79. E85 and 
Q86 seem most affected by K and R substitutions whereas D and E seem to influence 
the stability of K87 to the highest extent. The stability pattern of I88 is slightly changed 
by a C substitution.  
 
In summary, amino acid substitutions of B-reader residues do not indicate drastic 
changes to the stability pattern of the protein domain suggesting that its folding state is 
hardly affected. This can be explained by the fact that the B-reader sequence is mostly 
unstructured. Point mutations may therefore be unlikely to have a major structural 
impact. 
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Figure 3.10: FoldIndices for all 18 residues that were examined and their mutants. 
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Figure 3.10: FoldIndices for all 18 residues that were examined and their mutants.  
for figure legend see next page.
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Figure 3.9: FoldIndices for full-length TFIIB and comparison with TFIIB orthologues of other 
species. (previous two pages). 
A window size of 3 and a step size of 1 were used. For simplicity, only the three windows covering the 
mutated residue plus two windows on either side are depicted. Most residues are unstable which is 
indicated by their negative FoldIndices. Mutations shift the stability pattern of affected residues whereby 
the relationship between neighbouring residues remains the same in most cases. 
 
 
 
3.5.3 Control: C64S shows a slight shift in FoldIndex predictions. 
To assess the confidence of these predictions, C64 was again used as a positive control. 
Cysteine at this position has a crucial function of chelating a zinc ion to establish a 
finger-like structure. Upon mutation, the zinc ion can be reasoned to be lost and the 
finger-structure is accordingly disrupted. The stability curve for C64S, however, is only 
slightly shifted in comparison to the wt curve. Considering the strong structural impact 
of this mutation, the deviation was expected to be much more pronounced. Two 
possible explanations are i) even subtle deviations might reflect severe structural 
changes or ii) the resolution provided by this tool is not sufficient to draw clear 
conclusions about the impact of such mutations (Figure 3.11). In either case, this tool 
did not provide reliable explanations for the effects of mutants. 
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Figure 3.11: FoldIndex for C64 and C64S (window size 3, step size 1). 
Mutation of the Zn-ribbon residue C64 decreases the stability of this and the two neighbouring residues 
indicating a loss of structural integrity. 
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3.6 Mutagenesis approach and high throughput robotics 
3.6.1 Mutagenesis of B-reader residues – strategy. 
Any attempts to establish structural-functional relationships between elements of the 
TFIIB linker domain and RNAP have, so far, depended on low-resolution structures, 
crude ‘B-finger’ deletions, as well as a few random point mutants (Bushnell et al., 2004; 
Pinto et al., 1994; Werner and Weinzierl, 2005) and an alanine scan of the B-finger 
region (Thompson et al., 2009). Considering this, it becomes obvious that the functional 
consequences of that particular region are still obscure and far from being understood in 
completion.  
 
At the beginning of this project, the structural data that was available suggested residues 
E78-R92 of mjTFIIB (i.e. the B-finger region) were particularly important (Bushnell et 
al., 2004). Experiments were therefore designed on the basis of the B-finger model. 
Deletions of entire functional domains are bound to have a significant impact on the 
tertiary structure of the protein. Accordingly, they are of limited significance as 
observed effects are not clearly assignable to either the missing structure or the overall 
change in protein conformation. Random mutagenesis studies have been carried out 
before and indicated a close structural and functional coherence (Bangur et al., 1997). 
The approach that was pursued in this study relied on a mutagenesis strategy that 
allowed the assessment of individual residues in a direct and comprehensive way: Each 
residue of the B-finger domain was systematically substituted by all other 19 standard 
amino acids, and the effects of these mutations on transcription were analyzed in 
functional in vitro assays. Upon publication of the B-reader model (Kostrewa et al., 
2009) the mutagenesis screen was extended by three residues towards the C-terminus. 
In total, point mutants of 18 residues (E78-A95) were analyzed. This approach 
essentially guaranteed the overall structural integrity and shape of the protein as the 
changes were subtle and spatially confined. Single amino acid substitutions that have a 
major impact on the performance of the protein would highlight residues of structural 
and/or functional importance. For this reason, site-directed mutagenesis has been a 
useful tool to nail down structural-functional relationships, to identify interacting 
residues and to explain how these interactions change during a biochemical reaction. 
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Traditionally, site-directed mutagenesis has been performed with a few selected 
candidate amino acids and substitutions that seemed reasonable in a particular 
structural/functional context. Alanine scanning has provided a less biased and more 
comprehensive strategy. All amino acids in a sequence stretch are systematically 
replaced by alanine residues. This approach is suitable to roughly identify key residues. 
Observed phenotypes can be either positive or negative (Tang et al., 1996). However, 
replacing amino acids by only a single type of amino acid is still partial since it often 
means that crucial residues are missed out because their properties resemble the 
properties of alanine. For this reason, substituting residues by all other 19 possible 
amino acids is the only way to identify key residues beyond doubt. Consequently, this 
leads to a massive increase in the number of mutants that are required if a stretch of 
several amino acids needs to be analyzed. Such a large number of mutants are difficult 
to handle manually. On one hand it is very labour-intensive, on the other hand, 
repetitive procedures that require a high degree of consistency are error-prone if they 
are carried out manually. At this point novel high-throughput technologies, automation 
procedures and liquid handling procedures are preferable.  
 
3.6.2 High-throughput techniques and robotics in molecular biology. 
The advantages of high-throughput technologies involving robotics and automation 
technology are evident: They allow the simultaneous and usually fast processing of 
large numbers of samples in repetitive procedures. The standard size of any high-
throughput experiment has been a 96-well format. This is far more than can be handled 
manually under normal conditions. Even this format, however, is currently being 
replaced by 384- and 1,536-well formats. The sample number which can be processed is 
inversely proportional to the amount of material that is required (Alterovitz et al., 2006; 
Persidis, 1998). It is an important characteristic of high-throughput technologies that 
volumes can be kept small and the need for consumables can be kept at a minimum 
which is both cost-effective and economic (Houston and Banks, 1997). Automated 
procedures are less error-prone than standard procedures carried out manually as any 
observed errors can be assigned to a clearly definable property of the pipetting arm 
(Alterovitz et al., 2006; Nottebaum et al., 2008; Persidis, 1998). Most importantly, the 
development of advanced high-throughput tools coincides with an increasing demand 
for (and the availability of) methods to handle large amounts of data (Persidis, 1998). 
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Whereas previously, biological processes have been studied quite paradigmatically 
relying on a few examples, their full spectrum can now be illuminated in depth and 
detail due to the combination of high-throughput tools and sophisticated data-processing 
methods.  
 
A common aspect of procedures proving suitable for automation is their repetitive 
nature. For this reason, it is crucial for automation protocols to be generic as they need 
to cater for the same type of experiment that is carried out under slightly varying 
conditions (Laghaee et al., 2005). Alternative assay structures have to be developed 
wherever traditional assay techniques are inconvenient to use in conjunction with high-
throughput tools (Houston and Banks, 1997). This, for example, refers to gel- or 
membrane-based assays, which ideally can be exchanged for fluorescent-based 
microplate assays. Essentially, each and every step has to be compatible with the 
available robotic equipment. Robustness of the assay is also a crucial prerequisite to 
ensure a fundamental degree of reproducibility (Gilbert and Albala, 2002).  
Sequencing and drug screening are two fields in which robotic techniques have been 
pioneeringly propagated and are now standard applications (Alterovitz et al., 2006; 
Houston and Banks, 1997). Once these tools have found entry into molecular biology, 
the change from hypothesis-driven research to systematic data-driven research was soon 
to follow. Such novel approaches allow the numeric assessment of data in a quantitative 
manner that, to this extent, had been impossible to achieve before (Laghaee et al., 
2005). The way is now paved for future developments that will focus on the 
implementation of artificial intelligence. ‘Robot scientists’ are currently being 
developed that will be able to generate hypotheses and design experiments based on the 
data they gather (Wolinsky, 2007). Altogether, the increasing use of automation 
techniques accounts for a groundbreaking transition from focused example-based 
approaches to global systematic approaches in biology (Laghaee et al., 2005). 
 
In order to obtain a detailed picture, mutagenesis studies need to be performed on a 
large scale, an enterprise that is greatly facilitated by using robotic techniques. Such 
high-throughput mutagenesis approaches have been carried out on the bridge helix of 
RNAP (Tan et al., 2008) as well as on the lid and zipper regions (Hannah Carney and 
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Robert Weinzierl, unpublished results) and are a well-acknowledged method to evaluate 
structural and functional relationships (Kaplan and Kornberg, 2008).  
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To fully evaluate the significance of each particular residue within the TFIIB linker 
domain, a comprehensive mutagenesis screen was carried out. Residues E78 – A95 of 
mjTFIIB were replaced by the respective 19 other amino acids totalling 342 point 
mutants. Additionally, six mutants in which the entire B-finger sequence was replaced, 
10 double alanine substitution mutants, one triple alanine substitution mutant and 22 
deletion mutants were constructed - resulting in a total of 381 mutants that had to be 
individually generated and tested. For statistical reasons and to minimise data 
inconsistencies, mutants were produced and assayed in either triplicate or quadruplicate. 
To facilitate the handling of the large number of mutants in the cloning and purification 
procedures, as well as the functional assays it was necessary to develop automated 
procedures equivalent to traditional (manual) ones. Two alternative cloning strategies 
were designed in order to generate expression constructs for mutant proteins within a 
reasonably short time period. Libraries of 19 mutants for each amino acid were 
constructed and recombinant proteins were purified by following an optimized 
automated protocol using the robotic platform. The purified proteins were then tested in 
a form of recruitment-independent abortive initiation assay as described by Werner and 
Weinzierl (2005). This assay tests the catalytic activity of RNAP in a template non-
specific manner and can be used to demonstrate whether TFIIB is able to 
activate/support transcription. For simplicity, this assay will be referred to as a (non-
specific) abortive initiation assay. To fully establish that differences in the stimulatory 
effect on the catalytic activity are specific and not a secondary effect due to reduced 
binding of TFIIB variants to RNAP, complementary assays testing TFIIB variants for 
their ability to recruit RNAP were carried out (6.4).  
 
4.1 Definition of mutagenesis cassettes and cloning strategies 
To facilitate the rapid generation of alanine mutants as well as substitutions of longer 
sequence stretches or sequences containing deletions, a pET21a-TFIIB construct 
comprising an optimized N-terminal domain was generated. By silent mutagenesis, 
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restriction sites were introduced on either side of (RsrII and AscI), and within (AscI), 
the B-finger domain of the model proposed by Bushnell et al. (2004). In the revised 
model proposed by Kostrewa et al. (2009) these restriction sites were all within the B-
reader sequence. Mutations were inserted by annealing two oligos constituting the 
sequence of the B-finger domain with the desired sequence alterations. These annealed 
oligos were cloned into the two restriction sites flanking the B-finger domain or into the 
two AscI sites (Figure 4.1A). This strategy significantly accelerated the generation of 
mutations as compared to other site-directed mutagenesis strategies. However, as the 
fragment to be cloned was very small, cloning was often unsuccessful. For this reason, 
and because the identification of the B-reader domain required the assessment of TFIIB 
linker residues to be expanded beyond the C-terminal AscI restriction site, an alternative 
cloning strategy was pursued when the comprehensive mutagenesis screen was 
performed: Libraries of 19 amino acid mutations for each residue to be mutated were 
commercially (by GeneArt) synthesized in an N-terminal TFIIB stretch flanked by an 
NdeI and a BseRI site. These constructs were delivered in high-copy pMA vectors as 
glycerol stocks. Purified plasmids were prepared from these stocks and the N-terminal 
fragments were recovered by restriction digests (2.4).  
 
 
Figure 4.1: Cloning cassettes (see next page): 
A: The N-terminal, codon-optimized part of the mjTFIIB construct (428bp) is depicted as the grey part of 
the bar whereas the unmodified part of the construct is white (586bp). The codon-optimized fragment was 
cloned into the original pET21a-mjTFIIB construct via NdeI and BseRI restriction sites. The B-finger 
sequence is flanked by an upstream RsrII restriction site and a downstream AscI restriction site. An 
additional AscI restriction site is located downstream of residue E78. Oligos carrying the respective 
substituting alanine codon were annealed and ligated into either of the two AscI or into the RsrII and the 
distant AscI site. This strategy was applied to generate alanine substitutions, deletion mutants, or 
substitutions of amino acid stretches. 
B: For high throughput cloning purposes the optimized N-terminal part of the TFIIB construct was 
commercially re-synthesized with libraries of 19 codon substitutions for the desired five positions. The 
entire N-terminal fragment was excised from a pMA vector (ampicillin resistant) by NdeI/BseRI 
digestion and ligated into a pET24a vector (kanamycin resistant) containing the C-terminal part of the 
mjTFB fragment. X represents the other 19 amino acid substitutions. 
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Figure 4.1: Cloning cassettes 
for figure legend see previous page. 
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These fragments were then subcloned into a pET24a expression vector (Figure 4.1B). 
Time-consuming gel-extraction steps became completely avoidable by exploiting the 
alternative antibiotic resistances of the two vectors (pMA: ampicillin resistant, pET24a: 
kanamycin-resistant). Rather than purifying the desired fragments, restriction enzymes 
were heat-inactivated for 60min at 65°C. An aliquot of the restriction digestion reaction 
was then mixed with components of the ligation reaction. To determine optimal 
conditions for this high-throughput cloning strategy, different heat inactivation times as 
well as different amounts of the insert were added to the ligation mix.  Conditions were 
evaluated by counting the number of colonies in comparison to the number of colonies 
on negative control plates (Figure 4.2). Qualitatively, the cloning efficiency was tested 
by sequencing. Following these procedures it was possible to generate confirmed 
expression constructs of all 19 amino acid substitutions for residues E78 – A95 of the 
TFIIB linker domain.  
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Figure 4.2: Optimizing high-throughput cloning conditions 
A: To find optimal conditions for high-throughput cloning purposes, different concentrations of insert 
were added to the ligation reaction and the results in terms of number of colonies were compared. 
Additionally, the optimal time for the heat inactivation step of the restriction enzymes was determined. 
The original volume of the digestion reaction was 100µl. This volume was concentrated to 50µl by 
ethanol precipitation, or 2-fold diluted. Samples of concentrated, undiluted, and diluted digestion 
reactions were then incubated at 65°C and aliquots were taken after 20, 40, and 60min. 1µl of each 
aliquot was then added to the standard ligation mixture (as described in 2.3.8) and cloning efficiency was 
assessed based on the number of colonies. Concentrating the digestion reaction seemed most beneficial to 
the cloning reaction whereas diluting it resulted in the smallest number of colonies. As the high-
throughput cloning strategy will ultimately be automated, ethanol precipitations are undesirable. For this 
reason, using 1µl of undiluted digestion reaction seemed a good compromise. Heat-inactivating the 
enzyme for 60min at 65°C emerged as the best heat-inactivation time.  
B: The high-throughput cloning strategy was applied to generate a full set of mutants substituting the Q86 
residue. The number of colonies on sample plates clearly exceeded the number of colonies on negative 
control plates. This gave sufficient evidence for a good cloning efficiency. 
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4.2 High-throughput TFIIB purification. 
 
The main incentive for automating the TFIIB purification procedure was the possibility 
to purify a large number of mutants rapidly and simultaneously under identical 
conditions. To adapt the manual purification protocol for the robotic platform, several 
changes had to be made. Cells were grown in 1.5ml cultures, lysis was carried out 
enzymatically rather than mechanically by sonication, magnetic nickel beads were used 
rather than Sepharose beads. Additionally, proteins were eluted from the beads by a 
batch rather than a stepwise procedure. At the same time, a crucial objective was to 
keep quality and yield of robotic TFIIB preparations the same level as manual TFIIB 
preparations. For this reason, all possible parameters that could compromise either 
purity or concentration of the proteins were carefully tested out, so that optimal 
conditions could be used for the automated purification procedure. 
The purification procedure was automated for processing 24 bacterial cultures 
simultaneously. If necessary, the purification protocol can be easily upgraded to process 
up to 96 cultures. The entire procedure took about three hours in total and was 
performed without any manual intervention. Quality control checks monitoring cell 
growth and protein yield were implemented, to detect potential experimental 
inconsistencies. The robotic setup is illustrated in Figure 4.3 and the procedure was 
performed as detailed in 2.5.6.  
A number of adjustments were made in order to increase accuracy, efficiency and yield: 
The dilution medium for OD600 measurements was supplemented with antifoam 
(Sigma) to prevent the formation of air bubbles and thus increasing reading accuracy. 
Magnetic beads were automatically dispensed from a magnetic bead stirrer to a clean 
24-well plate. Dispensing of the beads was greatly facilitated by diluting them fivefold 
in distilled water, thus decreasing their viscosity.  Cells were incubated with magnetic 
beads and lysis solution on a microplate shaker. This gave the cells enough time to lyse 
and subsequently enabled released His-tagged proteins to bind to the magnetic nickel 
beads immediately. Shaking allowed constant mixing of the proteins with the magnetic 
beads which would otherwise settle at the bottom of the plate. Following this rationale, 
lysis and bead binding was performed in 24-well plates that allowed vigorous shaking 
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and sufficient mixing. During the vigorous shaking steps, splashing was likely to occur. 
To prevent cross-contamination, deep well plates were used for the wash and elution 
steps. These plates are designed to accommodate a volume of up to 2.2ml but were 
filled with a maximum of 500µl. By doing this, splashing of buffer into neighbouring 
wells became avoidable. Another potential source of cross-contamination was the 
reusable pipetting tips. These steel tips are Teflon-coated so they are washable after 
each pipetting step. Scratching of the Teflon-coat, however, was likely to reduce the 
washing efficiency. For this reason, additional wash steps in 6M guanidine-HCl were 
carried out between individual pipetting steps to increase the stringency of the wash 
steps and to minimize chances of cross-contamination. 
 
To assess protein yields, a BCA assay was carried out for all individual protein 
preparations. This assay is linear between 0 and 5mg/ml and was appropriate to 
determine the expected protein concentrations. The quality of protein preparations was 
randomly monitored by SDS PAGE. Purified proteins were always found to be highly 
pure and in vast excess to contaminants (Figure 4.3G, Figure 4.4). 
 
 
 
 
 
Figure 4.3: Robotic setup for mjTFIIB purification (see next page): 
A and B: A photograph and a schematic diagram describing the layout of the robotic setup as it was used 
for processing 24 bacterial cultures in an mjTFIIB purification protocol. All required devices, plates, and 
buffer troughs are labelled. 
C: A magnetic bead stirrer was used to automatically dispense magnetic beads. 
D: A deep well plate was positioned on a magnetic platform.  
E: Magnetic rods interdigitate into sets of four wells and attract the magnetic beads to the respective 
corner of the well. 
F: A schematic diagram illustrates how magnetic rods interdigitate into the wells and attract magnetic 
beads 
G: The concentration of purified proteins was assessed in a BCA assay and compared to a standard curve 
(standards in duplicates in the two left-most columns, see 2.5.9). 
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Figure 4.3: Robotic setup for mjTFIIB purification 
for figure legend see previous page. 
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Figure 4.4: Assessment of protein quality and yield 
A: Protein yields were routinely determined by BCA assays. Variations in the yields which might affect 
results of abortive transcription reactions could thereby be picked up immediately. 
B: Randomly, protein samples were checked by SDS PAGE. The result matches the BCA assay and 
additionally shows that TFIIB preparations are highly pure and in vast excess to contaminants (5µl of 
protein preparation in 5µl of SDS PAGE loading buffer were loaded per lane, 4-20% Tris-glycine gel, 
200V, 45min). 
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4.3 Development of high throughput-compatible abortive initiation 
and elongation assays based on PPi detection. 
4.3.1 Bioluminescence 
Abortive initiation assays are conventionally gel-based and thus time-consuming and 
not applicable to high-throughput screenings. In brief, these assays depend on activated 
calf thymus DNA as a nonspecific template. In the presence of a dinucleotide priming 
agent and a single nucleotide substrate (i.e. only UTP), abortive transcripts with a 
predominant length of 11nt are produced. Attempts to automate this type of assay have 
been hampered by the short size of abortive transcripts which cannot be separated 
sufficiently from free nucleotides. Therefore an approach was pursued that relies on the 
determination of the amount of inorganic pyrophosphate (PPi) released as a by-product 
during the transcription reaction. In a series of enzymatic reactions, PPi together with 
adenosine-5’-phosphosulfate (APS) can be converted to ATP by ATP-sulfurylase. ATP 
is subsequently used by luciferase to activate D-luciferin which, in this activated form, 
can be oxidized to oxyluciferin in a light producing reaction (Sun et al., 2007) (Figure 
4.5). The intensity of this bioluminescent signal was directly proportional to the 
concentration of PPi (Figure 4.6) and was also predicted to correlate with the number of 
transcripts. Such an approach has been developed for sequencing purposes 
(Karamohamed and Nyren, 1999; Nyren et al., 1997; Ronaghi et al., 1996) as well as for 
assaying the activity of RNA-dependent RNAP (Lahser and Malcolm, 2004).  
A modification of this assay to detect abortive transcription activity of DNA-dependent 
RNAPs yielded reliable results both for E.coli RNAP and T7 RNAP and reached a 
degree of sensitivity which was comparable to gel-based assays (Figure 4.7). 
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Figure 4.5: Reaction of PPi detection 
PPi released during the transcription reaction is detected in a two-step enzymatic reaction: First, ATP 
sulfurylase catalyzes a nucleophilic attack of PPi to adenosine-5’-phosphosulfate (APS), whereby sulfate 
is released and ATP is generated. In a second step, ATP is used by luciferase to activate D-luciferin. The 
resulting adenyl-luciferin is rapidly oxidized to oxyluciferin in a light-producing reaction. 
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Figure 4.6: PPi detection in a coupled ATP sulfurylase/luciferase reaction. 
The intensity of the bioluminescent signal is proportional to the concentration of PPi in a 1-100μM range. 
Higher concentrations were not tested because they cannot be expected in the transcription reactions 
performed. Samples were run in duplicates. 
 
 
 
 
Figure 4.7: Titration of T7 and E. coli RNAP in abortive transcription reactions followed by 
bioluminescent or radioactive readouts to compare the alternative methods. 
A: The graphs for T7 RNAP (left) and E. coli RNAP (right) indicate an increase in abortive transcription 
that is proportional to the activity of the enzyme added to the reaction. The properties of the graphs for 
the bioluminescent readout method (black) and the radioactive readout method (red) can be directly 
compared. For the bioluminescent readout method, samples were processed in duplicate.  
B: For the radioactive readout method, gel images are presented (left: T7 RNAP, right: E. coli RNAP). 
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By modifying the conditions of a published elongation assay protocol (Naji et al., 
2008), i.e. by using a template allowing the sole use of UTP and thus avoiding 
background interference observed with other nucleotide preparations, a quantitative 
assay evaluating elongation was established (Figure 4.8).  
 
However, PPi detection in archaeal RNAP transcription reactions was not feasible. The 
incubation conditions required seemed to lead to non-specific PPi hydrolysis on certain 
protein surfaces. This became obvious when exogenous PPi was added to the 
transcription reaction mix and was undetectable after incubating the sample at the usual 
reaction conditions. PPi hydrolysis did not occur in the absence of RNAP, however it 
was observed in the presence of an mjRNAP variant with a defective active centre 
(Figure 4.9A), excluding the possibility of pyrophosphorolysis (Rozovskaya et al., 
1984). The same phenomenon was observed when transcription reaction mixes 
containing E. coli or T7 RNAP were processed in the same way as archaeal RNAP 
(Figure 4.9B). 
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Figure 4.8: Elongation assay followed by bioluminescent readout. 
To adapt the method for elongation assays (Naji et al., 2008) the nucleotide composition of the nucleic 
acid scaffold had to be adapted as ATP would interfere with the luciferase reaction and mask the real 
signal. Two alternative scaffolds were tested in the bioluminescent assay and their functionality was 
confirmed by the conventional gel-based read-out method with radioactively labelled RNA primers:  
A: In one type of scaffold, all T-residues were omitted so ATP was not required in the nucleotide mix. 
The gel image demonstrates that this scaffold was sufficient for both RNAPs to give rise to full-length 
elongated transcripts. In the bioluminescent assay, the increase in the number of transcripts was not 
sufficiently obvious due to substantial background interference inferred by CTP and GTP preparations. B: 
For this reason, an alternative template with only A residues was used. All other nucleotides apart from 
UTP could be omitted and background interference in bioluminescent assays substantially decreased. The 
gel-based assay with a labelled RNA primer demonstrates the presence of full-length transcripts which 
run slightly faster, probably because of conformational differences.  
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Figure 4.9: PPi Hydrolysis 
A :  To monitor the efficiency of the PPi detection method, 10μM PPi was exogenously added to the 
transcription reaction and the reactions were then incubated at 65°C for 30min. In the presence of 
mjRNAP the PPi signal substantially dropped indicating PPi hydrolysis. This phenomenon, however, was 
also observed in the presence of an mjRNAP variant with a defective active centre, but not in the absence 
of enzyme. 
B: Transcription reactions for T7, E. coli, and M. jannaschii transcription reactions were incubated under 
the same transcription reactions. First, the three types of reactions were incubated at 37°C (light grey 
bars). After 30 min, aliquots were taken and the amount of free PPi was measured. The PPi increase in the 
presence of T7 and E. coli RNAP, or the lack of increase in the presence of mjRNAP is indicated by 
patterned light grey bars. The rest of each reaction was incubated at 65°C for another 30min (dark grey 
bars) and PPi content was measured again: In the presence of all three RNAPs the PPi signal dropped to 
(or remained at) background levels. 
Samples were processed in duplicate and error bars represent standard deviations.  
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Upon closer inspection of individual subunits by testing them in PPase assays as 
described above, it became apparent that the PPase activity was mainly associated with 
subunits P and, to a smaller extent, with subunits D and L (Figure 4.10B). To eliminate 
PPase activity from the RNAP preparations, RNAP assemblies were additionally 
purified by an S300 column. RNAP containing fractions were identified in a TCA-assay 
and subsequently analysed in a PPase assay. Figure 4.10A shows that RNAP containing 
fractions partially overlapped with fractions containing PPase activity. To eliminate this 
activity, only fractions that showed no sign of PPase activity were chosen and pooled. 
This PPase-free RNAP preparation was tested in abortive initiation assays using the 
bioluminescent readout method again. Titrating RNAP results in a steady signal 
increase that plateaus off at high RNAP concentrations (Figure 4.10C). In a next step, 
the abortive initiation reaction was carried out in the presence of the TFIIB variants. 
Results obtained here were reproducible with a reasonable signal to noise ratio (Figure 
4.10D).  
In conclusion, this approach seems promising and preliminary results obtained for E. 
coli and T7 RNAP suggest that this assay can replace conventional gel-based assays and 
is amenable to an automated high-throughput format.  The gel-based format, however, 
was preferred to analyse the stimulatory effect of TFIIB on mjRNAP since time 
constraints meant the signal-to-noise ratio could not be optimized sufficiently to detect 
subtle differences between TFIIB mutants.  
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Figure 4.10: Identification and elimination of PPase activity in RNAP preparations 
A: RNAP was assembled under usual conditions as described in 2.5.11. Fractions with peak RNAP 
activity as identified by TCA assay (fractions 17-25) were tested in a PPase assay. PPase activity was 
found in fractions 23-25 and, to a lesser extent in fraction 22. PPase-free fractions 17-21 could be 
combined, approximately 20x concentrated and used for further assays.  
B: Individual RNAP subunit preparations were tested for the presence of PPase activity in a PPase assay. 
The presence of subunit P in the reaction mixture significantly lowered the concentration of exogenous 
PPi indicating PPase activity. To a lesser extent PPase activity was also found to be associated with 
subunits L-D preparations. 
C: PPase free RNAP was tested in an abortive initiation assay using the bioluminescent readout.   
D: Abortive initiation assays were carried out in the presence of TFIIB variants to assess whether they 
would mirror results obtained in conventional gel-based assays. Wt TFIIB caused a massive stimulation 
in activity which was similar to the level observed in the radioactive assays. In the same way, ΔQ86-I88 
led to superstimulation as was observed in radioactive assays. The stimulation effect of ΔD83-K87 was 
variable in gel-based assays and wt-like in the bioluminescent assay (4μl of concentrated purified RNAP 
and 4μl of TFIIB were used, for results of radioactive assays see 5.4.3).  
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4.3.2 Phosphomolybdate complex formation. 
Elimination of the contaminating PPase activity and subsequent concentration of the 
RNAP preparation was time-consuming and relatively inefficient. To address this issue 
and to exploit the presence of contaminating PPase activity, an alternative method 
testing for the presence of free inorganic phosphate rather than pyrophosphate was 
devised. A number of potential methods were tried ranging from a charcoal adsorption 
method (Xu et al., 2008) to colorimetric methods that depend on the formation of a 
phosphomolybdate complex (Drueckes et al., 1995; Fiske, 1925; Jetten et al., 1992).  
 
Phosphomolybdate-based methods required the addition of ammonium molybdate to the 
transcription reaction mixture. In the presence of inorganic phosphate, a yellow 
phosphomolybdate complex was formed. Upon reduction of the complex by citrate, in 
the presence of Zn2+, the colour changed to blue. The intensity of the blue signal was 
then quantifiable (Drueckes et al., 1995). The specificity of the result was highly 
influenced by free inorganic phosphate present in transcription buffers as well as 
reagents and protein preparations, leading to non-specific colour reactions. Careful steps 
were taken to eliminate contaminating phosphate. It was, however, not possible to 
quench the background signal sufficiently, partially because reduction of the 
phosphomolybdate complex had to be performed under conditions that lead to 
degradation of substrate nucleoside triphosphates. For this reason, the 
phosphomolybdate-based method was combined with a scintillation proximity assay 
(SPA) (White, 2002). γ32P-ATP was used as a substrate for RNAP. 32Pi generated by the 
transcription reaction was complexed by molybdate forming radioactive 
phosphomolybdate. No reduction of the complex was required. Using 32P facilitated the 
distinction of contaminating phosphate and phosphate produced during the reaction. 
Unlike other phosphate-containing molecules, phosphomolybdate binds to hydrophobic 
surfaces as they are provided by scintillation beads. Phosphomolybdate complexes 
could thereby be separated from other reaction components. Additionally, the scintillant 
provided a means of amplification of the radioactive signal. Scintillation beads floated 
to the top of the transcription reaction mixture upon addition of CsCl, thus quenching 
signals resulting from 32P in any other form than the phosphomolybdate complex.  
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Even though this method apparently worked well for the ATPase assay it was devised 
for (Jeffery et al., 2002; White, 2002), it was not applicable to the abortive initiation 
assays. 32Pi release during the transcription reaction was not detectable, indicating low 
yields of free phosphate during the transcription reaction and a lack of sensitivity of the 
method.  
 
4.3.3 Charcoal adsorption. 
Charcoal-based methods followed a similar adsorption principle (Dickinson et al., 1977; 
Sola-Penna et al., 2002; Weber et al., 1988; Xu et al., 2008): Again, γ32P -ATP was used 
as a substrate for RNAP. Following the transcription reaction, the reaction mixture was 
incubated with charcoal, which binds organic phosphate molecules but no inorganic 
phosphate. Pyrophosphate released during nucleotide addition, as well as Pi produced by 
PPi hydrolysis, remained in the supernatant and were thus separable from unused 
substrate molecules. Inorganic radioactive phosphate was analysed by a scintillation 
counter. This method was not feasible for high-throughput approaches due to 
background interference and substantial data inconsistencies.  
In conclusion, of all the methods tested, the bioluminescence approach seemed most 
promising and it is likely that the technical difficulties that are associated with it 
currently can be overcome. 
 
4.4 High-throughput recruitment assay. 
Recruitment assays test the ability of transcription factors (in this case mutant TFIIB in 
combination with wt TBP) to recruit RNAP to DNA. To this end, proteins forming 
DNA binding complexes were incubated with 32P-labelled double-stranded probe at 
65°C. A 66nt long sequence containing the SSV T6 promoter was used as a probe. 
Heparin was added after a preincubation step as a competitor molecule to prevent non-
specific binding to DNA. Afterwards, complexes were separated on a gel under native 
conditions. Three bands were visible corresponding to different complexes: Band I was 
attributable to free probe running at the bottom of the gel. Band II had slower mobility 
and corresponded to TBP/probe complexes. Finally, band III consisted of a 
TFIIB/TBP/RNAP/probe complex with the slowest mobility. Theoretically, complexes 
consisting of only TFIIB/TBP/probe should form as well. These, however, were not 
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detectable under the binding conditions used. Traditionally, these electrophoretic 
mobility shift assays (EMSAs) are gel-based and therefore of limited suitability to 
assess a large number of mutants. For this reason, the objective was to convert the 
method to an automatable procedure. A strategy was developed based on using 
biotinylated RNAP which could be incubated with TFIIB, TBP and labelled DNA probe 
to allow complex formation. Pulling down RNAP molecules by means of their biotin 
tag, these complexes could be separated from other components of the reaction mix – 
most importantly from free labelled probe. Depending on the label (fluorescent or 
radioactive) the amount of probe bound to RNAP could be quantified using a 
spectrophotometer or a scintillation counter (Figure 4.11).  
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Figure 4.11: Generation of biotinylated RNAP and a schematic depicting the high-throughput 
recruitment assay 
A: In vivo biotinylated and purified subunit mjH is incorporated into RNAP. Such biotinylated RNAP is 
incubated with TFIIB, TBP, and (radioactively or fluorescently)-labelled probe under normal binding 
conditions to allow complex formation. 
B: Excess components are separated from fully-formed complexes by pulling down RNAP molecules as 
well as bound proteins and probe with magnetic streptavidin beads. Magnetic beads are attracted by a 
magnet thus facilitating the removal of components not linked to streptavidin beads. Probe bound in 
complexes can be quantitated via its radioactive or fluorescent signal. 
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4.4.1 Generation of biotinylated mjRNAP. 
To generate biotin-tagged RNAP, subunit H was chosen because of its exposed position 
in the RNAP assembly and because of its distance from the active centre. Biotinylation 
was carried out in vivo following a procedure described in Ashraf et al. (2004). Briefly, 
an Avi-tag (i.e. the signal for biotinylation) was fused to the N-terminus of mjH. The 
resulting plasmid and a plasmid carrying the IPTG-inducible gene for biotin ligase 
(BirA) were co-transformed into an expression strain. Protein expression of both genes 
was induced simultaneously resulting in biotinylation of mjH during expression. 
Purified subunit H was then incorporated into RNAP following standard procedures for 
RNAP in vitro assembly (2.5.11). Upon confirmation that tagged RNAP performs 
similarly to non-tagged RNAP in the gel-based recruitment assays (Figure 4.12), 
biotinylated RNAP was used in the liquid-based assay setup.  
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Figure 4.12: Testing the recruitment activity of biotinylated RNAP and Streptavidin binding in gel-
based recruitment assays. 
Wt or biotinylated RNAP was incubated with labelled probe and TFIIB in the absence or presence of 
TBP. Both RNAPs resulted in a supershifted complex demonstrating the functionality of the biotinylated 
enzyme. The signal intensity of the supershifted complex (TBP/TFIIB/wt RNAP/probe* or 
TBP/TFIIB/biot. RNAP/probe*) containing the modified enzyme was slightly weaker in comparison to 
wt RNAP, which is probably due to different concentrations of RNAP. At high Streptavidin 
concentrations, the mobility of TBP/TFIIB/biot. RNAP/probe* complexes further decreased – indicative 
of successful Streptavidin binding. Lower Streptavidin concentrations were not sufficient to result in a 
detectable supershift.  
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4.4.2 Recruitment assay procedure. 
Binding reactions were carried out as usual (described in 2.6.4). Following the binding 
reaction, the mixture was incubated with magnetic Streptavidin beads. Streptavidin was 
sensitive to the high temperatures at which the recruitment reactions took place so care 
was taken to separate the recruitment and bead-binding reactions. Probe bound to 
RNAP via TFIIB/TBP was quantified photometrically (for fluorescently labelled probe) 
or by a scintillation counter (for 32P-labelled probe). The method presented similar 
results as traditional EMSAs when performed with 32P-labelled probe. Signal ratios 
obtained in the absence or presence of TFIIB were less distinct than in the gel-based 
assay, probably because of the lower stringency of the liquid-based assay (Figure 4.13).  
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Figure 4.13: High-throughput recruitment assay 
A: Binding reactions were carried out under standard recruitment conditions and biotinylated RNAP-
containing complexes were subsequently pulled-down with magnetic Streptavidin beads. Only 
biotinylated RNAP was successfully pulled-down whereas wt RNAP in control samples was removed 
during wash steps yielding only background signals. In the presence of wt TFIIB and biotinylated RNAP 
signal intensity increased. The signal intensified when TBP was added and increased further when TFIIB 
K87W was used instead of wt TFIIB. Recruitment was calculated relative to wt TFIIB/TBP/biot. RNAP. 
B: In conventional gel-based assays similar results were observed: Signal increases in the presence of wt 
TFIIB or TFIIB K87W were greater, though, probably due to the higher stringency of the gel-based assay 
preventing formation of non-specific complexes. Recruitment was calculated relative to wt TFIIB/TBP/ 
wt RNAP. Samples were assessed in triplicate and error bars represent standard deviations. 
C: EMSA experiment showing supershifted bands representing formation of TBP/TFIIB/RNAP/probe* 
and of TFIIB/RNAP/probe* complexes in the presence of different TFIIB variants. The signal intensities 
of the supershifted complexes were quantitated and results are presented in B (results obtained for K87E 
were not included in the assessment).  
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To adapt this assay to fluorescent readouts, a fluorophore was chosen to replace the P32 
labelled DNA probe. The HEX fluorophore (5-Hexachloro-Fluorescein 
phosphoramidite) is excited at 535nm and emits light at 556nm. Due to sufficient 
distances of absorption and emission spectra, the availability of spectrometer filters and 
a reasonable extinction factor, HEX seemed a suitable choice to label the probe. To 
obtain a sufficiently strong signal, HEX was attached to the 5’ ends of both strands 
constituting the double-stranded probe. The assay was performed as described above 
but unlike the 32P radioactivity assay, signals remained at background level.  
A stronger fluorophore or a fluorophore that could be attached to both the 3’ and 5’ 
ends of an oligo would be required to boost signal strength. Stronger fluorophores 
available for oligo labelling required spectrometer filters which were not available. Due 
to this, and because of time constraints, the conventional gel-based EMSA was 
preferred to test the TFIIB mutants (6.4.3). The preliminary results described above, 
however, indicate that this method does have the potential to be converted into an 
automated high-throughput assay. 
 
4.5 Conclusion: Development of high-throughput assays. 
The development of automatable assay techniques was successful (to some extent) for 
cloning and purification procedures. The purification procedure has already been 
implemented on the robot and has been used to generate and purify TFIIB mutants. It is 
now possible to perform plasmid purifications on the robotic platform (R. Weinzierl, 
unpublished results) – an important prerequisite for full automation of the cloning 
procedure. Significant progress has been made concerning the development of high-
throughput compatible abortive initiation and recruitment assays. Even though, these 
assays have not been ready to be used for this work, preliminary results are promising 
and indicate that the bioluminescent approach to test for abortive initiation, and the 
approach using biotinylated RNAP to test for recruitment, will be able to replace the 
 gel-based assays in the future. 
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Chapter 5:      Stimulatory activity of TFIIB. 
 
5.1 Background: TFIIB stimulates abortive transcription specifically. 
Archaeal TFIIB stimulates abortive transcription specifically – an effect that was clearly 
assignable to residues constituting the B-finger domain (Werner and Weinzierl, 2005). 
This suggested that TFIIB potentially participates in catalysis (by archaeal RNAP) 
(Werner and Weinzierl, 2005). Considering the proximity of the TFIIB linker to the 
active site and RNAP domains such as the lid and rudder, it can be reasoned that the 
TFIIB linker might be involved in DNA strand separation and/or transcription bubble 
maintenance.  
Structural data also confirm that the B-finger tip appears to be in close proximity to the 
RNAP active site, in particular the bridge helix, the switch domains and the fork loop 
domains (1.3.4). Therefore, the B-finger tip is also proximal to nucleic acids located 
within the active centre. Stimulation of abortive initiation can therefore be a 
consequence of:  
 
I. the B-finger tip assisting in the positioning of the DNA template in the active 
centre or  
II. the B-finger tip promoting phosphodiester bond formation by stabilizing 
participating nucleotides (Werner and Weinzierl, 2005).  
 
Further, it is also reasonable to suggest that the interaction of the B-finger with the 
bridge helix (in a mechanism akin to the bridge helix-trigger loop interactions (Tan et 
al., 2008)) may contribute to the nucleotide addition cycle. Finally, the B-finger might 
‘communicate’ the presence of a stable DNA-RNA hybrid in the active centre to the 
switch and fork loop domains of RNAP, resulting in clamp closure and open complex 
formation. However, this would suggest the conservation of the tip region of the B-
finger (i.e. residues D83-K87 in M. jannaschii) which is not observed in the sequence 
data (3.2). 
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Upon publication of the B-reader model (1.6.2), and the assignment of new structural 
features, the function of the TFIIB linker in transcription initiation was reassessed. 
Within this new model, the B-finger tip region (as defined in the B-finger model) is now 
assigned as the N-terminal half of the B-reader loop (Kostrewa et al., 2009), which is 
variable in sequence and consequently had little effect in alanine scan experiments 
performed in the human system (Thompson et al., 2009). According to the new model, 
the C-terminal half of the B-reader loop (i.e. R92 and neighbouring residues in M. 
jannaschii) is located closest to the active centre (Kostrewa et al., 2009), and therefore 
seems a more likely candidate to contribute to the catalytic function of RNAP. Given 
the available data a potential model for the function of the TFIIB linker could be: 
 
I. The B-reader loop engages with single-stranded regions of DNA (generated 
by the breathing of double-stranded DNA), in a similar manner to bacterial σ 
factors, thereby shifting the equilibrium towards template melting (6.1).  
II. The B-reader helix interacts with the lid domain to stabilise the transcription 
bubble and facilitate DNA strand separation (5.5.3).  
III. The joint action of both sets of interactions may result in quicker 
transcription bubble formation followed by a higher rate of abortive 
transcription (5.4).  
 
5.2 Objectives. 
The existence of two models is confusing since they present contradictory 
interpretations and conclusions. Both, the B-finger and B-reader models and the 
structural data they are based on present a number of functional findings that might help 
to unravel the different tasks the TFIIB linker may fulfil. The following two chapters 
will aim to illuminate the role of TFIIB (in particular, of the B-reader/B-finger residues) 
by determining whether mutations affect the function of TFIIB 
 
I. directly, with TFIIB acting as an allosteric stimulator (this chapter), or 
II. indirectly, by altering the RNAP binding properties of TFIIB (6.1).  
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Studying the production of abortive transcripts serves as a useful readout method to 
identify key residues (within the TFIIB linker) that influence early catalytic steps of 
RNAP. Abortive transcription was analysed as opposed to the generation of larger 
transcripts because the stimulatory effect on RNAP activity was more pronounced 
(Werner and Weinzierl, 2005), rendering the abortive transcription assay more sensitive 
to TFIIB mutations. Gel-based non-specific abortive initiation assays as outlined in 
section 4.3 were performed. In eukaryotic systems, in vitro abortive initiation assays are 
promoter-dependent and therefore require the presence of basal transcription factors 
(1.4.3). Using this system, it is therefore not feasible to assess the unique effect of a 
single mutation in a single transcription factor due to masking effects, redundancies and 
compensation by other transcription factors. The absence of such masking factors in 
archaea makes this system ideal for detailed analysis of single transcription factors.  
 
 
5.3 Abortive initiation assay: Optimising parameters. 
5.3.1 Saturating amounts of TFIIB. 
To analyse the effect of various TFIIB mutants on abortive transcription several 
parameters had to be assessed in order to find optimal assay conditions. First, it was 
crucial to carry out the assay under saturating TFIIB concentrations, ensuring that the 
effect of differences in the yields of individual protein preparations was negligible. To 
establish this, a TFIIB titration series was generated, testing wt TFIIB at a number of 
concentrations. The results of this assay were encouraging as even at very low TFIIB 
concentrations the full stimulation effect on abortive transcription was observable. A 
1µl volume of TFIIB was concluded to be adequate to obtain the desired stimulating 
effect, even if protein yields for a particular mutant happened to be unusually low 
(Figure 5.1A and B). Additionally, as all the mutants were assayed in triplicate, and 
since the protein concentration of each TFIIB preparation was estimated by BCA assays 
prior to performing the abortive transcription assays, results from poorly expressed 
proteins were detected and comparison to other preparations of the same mutant proved 
that stimulatory effects were similar (even with lower concentrated protein 
preparations). Importantly, assaying in triplicate illustrated that the level of stimulation 
observed for individual mutants was remarkably constant irrespective of their 
concentrations (Figure 5.1C).  
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5.3.2 Incubation time. 
A second parameter which required optimization was incubation time of the abortive 
initiation reactions. Reactions had to be incubated long enough to give a sufficiently 
strong signal, but must remain within the linear range of the assay so as not to mask the 
‘real’ level of stimulation due to saturation. To address this issue, a time course was 
performed, with samples taken in 10min intervals between 0 and 60min. The time-
course was carried out both in the presence and absence of TFIIB. Results showed that 
the generation of abortive transcripts was linear within the tested time frame and (at all 
time points) transcript production in the presence of TFIIB exceeded transcript 
production in the absence of TFIIB (Figure 5.1D and E). An incubation time of 30min 
was thereby chosen as an appropriate representative.  
 
 
 
 
 
 
 
 
  
Chapter 5: Stimulatory activity of TFIIB 
 154
 
Figure 5.1: The effect of TFIIB protein concentration on abortive initiation - determining 
saturating conditions. 
for figure legend see next page. 
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Figure 5.1: The effect of TFIIB protein concentration on abortive initiation - determining 
saturating conditions. (see previous page): 
A: Titration of wt TFIIB in the abortive initiation assays demonstrates that TFIIB is saturating even at low 
concentrations where 1.3µg of TFIIB corresponds to 1µl of undiluted TFIIB preparation. 
B: Quantification of signals obtained in A illustrating that all the concentrations that were used resulted in 
similar signal intensities. This indicated that a saturating range of TFIIB was reached. 
C: To identify problems that might arise from suboptimal protein expression, samples were processed in 
triplicates and BCA assays were simultaneously performed. A protein preparation that yielded a lower 
concentration than the other two preparations for this particular mutant is marked with a star. 
Concentrations were confirmed manually in Bradford assays. Abortive initiation assays (on the right) 
show that the signal intensity obtained for this particular protein preparation is not lower than that 
obtained for other preparations of the same mutant protein, clearly demonstrating that even low 
concentrations are sufficient to reach the saturating range. 
D: Abortive initiation denaturing gel. Samples were incubated at 65°C and aliquots were taken at 10min 
intervals. Signals obtained in the absence of TFIIB were considerably weaker than in the presence of 
mjTFIIB, yet in both cases a linear increase in signal intensity was detected. 
E: Plotting the signal intensities of each assay demonstrates a strictly linear relationship. 
 
 
 
 
 
 
 
5.4 Mutagenesis of mjTFIIB residues E78 – A95. 
This project was initially based on data supporting the B-finger model (Bushnell et al., 
2004), as data for the B-reader model (Kostrewa et al., 2009) were not available at that 
time. These initial experiments were therefore designed to illuminate the role of the B-
finger domain. In light of the B-reader model it would appear that this approach is still 
justifiable give the overlap between the B-finger and the B-reader. It therefore can be 
reasoned that key residues responsible for this effect may lie within the sequence E78-
R92.  
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Figure 5.2: Substitution of the B-finger sequence with alternative sequences. 
A: The mjTFIIB sequence that is homologous to the yeast B-finger sequence (as assigned by Bushnell et 
al., 2004) was replaced by the B-finger sequences of other organisms or by an alternating G/S residue 
sequence. The stimulatory effect of these mutants on abortive transcription was calculated relative to wt 
TFIIB and is illustrated by thermo-grading (as in D): Dark blue indicates low stimulatory activity and 
pale blue indicates good stimulatory activity.  
B-D: Residues of the M. jannaschii B-finger were substituted by alanine. Mutants were tested in abortive 
initiation assays and the stimulatory effect was calculated relative to wt TFIIB. Results are depicted by 
thermo-grading as in D. 
B: Single alanine substitutions. 
C: Double and triple alanine substitutions.  
D: Thermo-grading as used to indicate the effects of the mutants. Shades of blue indicate the degree of 
reduction in stimulatory effects achieved, shades of red indicate stimulatory effects that exceed wt levels. 
On the right, double-alanine substitution mutants and their effects are mapped in the context of the B-
finger model. 
 
 
Chapter 5: Stimulatory activity of TFIIB 
 157
 
5.4.1 B-finger domains of other species are non-functional in mjTFIIB. 
The M. jannaschii B-finger domain is delineated by residue E78 and residue R92 the 
yeast counterparts of which have been suggested to constitute a salt bridge (1.6.1) that 
results in the ‘looping-out’ of the intervening residues (Bushnell et al., 2004). To 
exclude the possibility that the presence of an unstructured loop forced into a hairpin-
structure is sufficient to account for the stimulating role of the B-finger domain in 
abortive initiation, the entire domain between the two salt-bridge residues was replaced 
by alternative sequences (i.e. a sequence made up of alternating serine and glycine 
residues and B-finger sequences of various other archaeal and eukaryotic species). 
These entire sequence substitutions were designed to mimic the deletion of the M. 
jannaschii B-finger domain without desrupting the overall structure of the protein.  
 
Similar to the B-finger deletions, mutants with alternative B-finger sequences were 
severely impaired in their stimulation efficiency, the only two exceptions being mutants 
carrying the M. kandleri or the D. melanogaster B-finger domains which obtained 
approximately 60 or 90% of wild type mjTFIIB’s stimulation efficiency, respectively 
(Figure 5.2A and D). This experiment demonstrated that the presence of ‘any’ sequence 
is not sufficient to maintain the stimulatory function of the B-finger. The identity of the 
B-finger residues must therefore be vital for its function. It further suggests that the B-
finger domains of other organisms are not necessarily compatible with the mjRNAP 
active site. Both observations justify closer inspection of residues within the B-finger. 
 
 
5.4.2 Alanine scanning mutagenesis of the B-finger. 
Alanine scanning mutagenesis of the residues between the two salt-bridge residues (E78 
and R92) of the B-finger domain was performed to give an idea of the overall sensitivity 
of individual residues of the B-finger. Contrary to the B-finger model (1.6.1), the tip 
residues (of the B-finger domain) proved particularly insensitive to alanine substitution. 
Only D83A exhibited a reduced stimulatory effect, whereas H84A, E85A, Q86A and 
K87A were hardly affected and showed (within the range of their standard deviations) a 
similar or a slightly higher stimulation effect as wt TFIIB. Some lateral residues (W79, 
R80, F82 and R90) however, gave a more diverse range of phenotypes: Residues close 
to the putative ‘salt-bridge residues’ E78 and R92 produced the most dramatic 
Chapter 5: Stimulatory activity of TFIIB 
 158
phenotypes when substituted by alanine (Figure 5.2B and D). In light of the B-finger 
model, this result seems paradoxical. However, the high sequence conservation of the 
lateral B-finger residues (3.2.1) coincides with these observations.  
 
To investigate if combinations of point mutations lead to more severe phenotypes, a 
series of double alanine mutants were produced. Sets of two alanine substitutions 
replacing adjacent B-finger residues were generated for the entire B-finger domain in an 
overlapping manner. In addition, the three tip residues H84, E85, and Q86 were 
simultaneously replaced by alanine residues. The triple mutant exhibited slightly 
reduced stimulatory activity (~ 60-70% of wt activity) which, again, contradicts the 
structural predictions. Given the relatively mild effects on the stimulatory activity, these 
results confirm that the tip of the B-finger domain does not seem to significantly 
contribute to stimulating the RNAP catalytic mechanism.  
Clusters of severe down-mutants resulting from double-alanine substitutions at either 
end of the B-finger and one in the middle of the sequence form a nearly symmetrical 
pattern, further illustrating an increasing degree of sensitivity towards the lateral 
residues of the B-finger domain. The activity of Q86/K87A was only 20-30% of wt 
levels, whereas E85/Q86A and K87/I88A were not significantly impaired. A similar 
result was observed with D83/H84A, where the respective overlapping pairs (F82/D83A 
and H84/E85A) did not produce a significant phenotype either (Figure 5.2C and D). 
This result argues for the additive effect of certain mutations, whereas in other cases 
double mutations might rescue each other.  
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Figure 5.3: Amino acids. 
The chemical structures of all 20 standard amino acids are depicted and grouped according to the 
chemical properties of their side chains. 
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5.4.3 Comprehensive mutagenesis screen of residues E78-A95. 
Previous studies have indicated that alanine substitutions by themselves are not 
sufficiently informative (Tan et al., 2008), especially given that alanine might mimic 
properties of the amino acid it replaces. For this reason, it seemed reasonable to 
substitute residues E78-A95 (i.e. all residues of the B-finger and most residues of the B-
reader) by all 19 other amino acids. Considering the diversity of chemical properties 
being introduced at each position of the B-finger/B-reader by these substitutions, a 
range of effects can be predicted, revealing key residues by their sensitivity to mutations 
(Figure 5.3).  
 
The thermo-grading in Figure 5.2 and Figure 5.4 was based on averages calculated from 
triplicates of one experiment without rounding any numbers and without considering 
standard deviations (meaning that mutants with 89.5% activity would be depicted as 80-
90%, and mutants within 90.5% activity would be graded as 90-100% of wt activity). 
For this reason, certain mutants may appear to be differently affected in the alanine scan 
and the comprehensive mutagenesis screen in terms of absolute numbers. Their trends, 
however, are very similar. Gels and the accompanying data with standard deviations for 
a selected set of mutants are presented in Figure 5.4. Data for the remaining mutants can 
be found in the Appendix (Figure 8.2)  
 
For classification, residues were considered as severely affected which upon mutation 
displayed five or more mutants with a stimulatory effect that was less than 60% of wt 
activity. Accordingly, the B-finger/B-reader residues fall into four classes: i) residues 
with a large number of severe down-mutants, ii) residues with mutants that display 
variable phenotypes, iii) residues which result in both up- and down-regulated 
phenotypes and iv) residues whose mutants predominantly show wt-like activity.  
 
Mutation of residues E78-R80, Q86 and R90-G94 resulted in particularly large numbers 
of down-phenotypes per set. This coincides with an exceptionally high degree of 
conservation of residues E78-R80 and R90, R92 and G94 (3.2.2). W79 and E78 could 
be replaced by amino acids with similar properties (i.e. aromatic residues F and Y or 
negatively charged residue D, respectively) without significant loss of function. 
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Substitution of R92 with positively charged residues K and H, however, still 
significantly impaired the stimulatory effect and strongly suggests that arginine in this 
position is crucial for other reasons than purely its positive charge. Substitution of V93 
resulted in a number of significant down-phenotypes, particularly in the presence of 
charged residues. Phenotypes were, however, not as pronounced as those observed for 
R92. All amino acids other than G at position 94 resulted in severely impaired 
phenotypes. This is probably explainable by the fact that glycine has the smallest side 
chain. Replacing it by any other amino acid would therefore have a major (potentially 
steric) impact (Figure 5.3). Residue Q86 delivered the highest proportion of down-
mutants. Five mutants in this set displayed a stimulatory effect that was in the range of 
50-60% of wt level (Q86I, F, Y, W, R) and one mutant (Q86P) in the range of 30-40% 
of wt activity. Among related archaeal species, residue Q86 was the most conserved of 
the five tip residues (Figure 3.1). This correlates with the finding that Q86 seems more 
sensitive to mutations than the four other residues.  
 
Intriguingly, certain point mutants of residues R80, A81 and K89 were impossible to 
ascribe a particular phenotype to: R80N, R80Q, A81G, K89A, K89V, K89L, K89T, 
K89C, K89Y and K89W all produced super-stimulating phenotypes. However, even 
though triplicates of one experiment showed little variation, repeated testing of these 
mutants in separate experiments resulted in widely different phenotypes including wt-
like phenotypes or significant defects in activity. Such drastic discrepancies were not 
observed with the other mutants tested, even in separate experiments. Certain other 
mutants, such as E85A and K87A, exhibited differences in their stimulatory effects 
within individual experiments. However, even though absolute numbers differed, trends 
were maintained. Variability in the stimulation effect of some mutants (but not others) 
might indicate a genuine biological effect. Minor fluctuations in experimental 
conditions might cause this intrinsically unstructured domain to adopt alternative 
conformations that might explain the observed flexibility of the stimulation effect.  
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Figure 5.4: Comprehensive mutagenesis screen of mjTFIIB residues E78 - A95. 
(for figure legend see next page) 
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Figure 5.4: Comprehensive mutagenesis screen of mjTFIIB residues E78 - A95. (see previous page). 
A: Residues E78-A95 (listed on the left) substituted by all 19 other amino acids (listed at the top and 
grouped according to their properties). Stimulatory effects of the mutants in abortive initiation assays are 
presented as a heat-map with shades of blue indicating defects in the stimulatory effects and shades of red 
indicating super-stimulation. The stimulatory effect of wt TFIIB is defined as 100% (white). Mutants with 
exceptionally high variability in their performance are depicted in grey. 
B: Examples of the data obtained for the tip residues; here histograms present data for the full sets of 
substitutions of Q86 and K87. The activity of each mutant was calculated relative to the wt stimulation 
effect which was valued as 100%. Each type of mutant was assessed in triplicate and the average activity 
was calculated. Error bars represent standard deviations, wt TFIIB is highlighted in dark grey. Red dotted 
lines mark the 100% stimulatory effect that is achieved by wt TFIIB. 
C: Examples of abortive initiation assay results for six mutants. Wt TFIIB represents a positive control 
and elution buffer only samples were used to determine the background RNAP activity. Negative control 
samples (‘NC’; i.e. 2x pET24a and 1x medium only) confirmed the specificity of obtained signals. The 
two gels show signals obtained by two significant down-mutants, Q86P and K87P.  
 
 
Only minor changes in the stimulatory activity were observed in the presence of most 
amino acid substitutions for residue K87, with the exception of two outstanding 
mutations: the stimulatory effect of K87P was only 30-40% of the wt level (that puts it 
amongst the most dramatic down-phenotypes), whereas K87Y exceeded wt activity 
level (130-140%) thus qualifying as a super-stimulating mutant (Figure 5.4). 
 
Consistent with the findings of the alanine substitutions, and with exception of Q86, the 
B-finger tip (A81, F82, D83, H84, E85, K87 and I88) emerged as insensitive to most 
substitutions (Figure 5.4). In particular residues E85 and H84 behaved similarly to wt 
TFIIB (in terms of its stimulatory effect on RNAP), no matter which amino acid 
substitution was made. A more diverse set of phenotypes was obtained by mutating 
D83. Substituting this residue with hydrophobic or basic residues resulted in a range of 
impaired stimulatory activities with some reaching only 50% of the wt level (D83V, W, 
K). Mutations in A81 and I88 hardly affected the stimulatory effect of TFIIB, with the 
minimal stimulating activity being observed as 60% of wt levels (with A81K, A81R, 
and I88Y). Substitutions in residue F82 also only resulted in mild effects of the 
stimulatory activity (50% of wt activity at worst) – at odds with its high degree of 
conservation and suggesting that this residue may have a function that cannot be 
assessed in abortive initiation assays. 
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5.4.4 Correlation of mutagenesis data with data obtained by in silico predictions. 
Data obtained in the comprehensive mutagenesis screen were generally in good 
agreement with the in silico predictions described in Chapter 3. FRpred results (3.2) 
highlighted residues E78-R80 as well as residues F82, R92, and G94 as the most 
conserved residues in the region assessed by mutagenesis. High sensitivity of these 
residues to mutations is therefore consistent with their high degree of conservation. The 
only exception is F82, substitution of which only resulted in mild phenotypes. The 
SNAP predictions (3.3) also mirror the results obtained by the experimental 
mutagenesis data in a striking manner: in particular clusters of non-neutral mutants 
toward both the N- and C-terminal ends of the examined region and a cluster of neutral 
mutants at its centre.  
 
5.4.5 Residue deletion results in super-stimulation. 
FRpred predictions suggested a high degree of conservation for the length of the B-
finger/B-reader sequence (3.2). To assess the influence of sequence length on the 
stimulation effect a series of deletion mutants were produced and tested in abortive 
initiation assays. Between 1 and 7 residues were removed with most deletions centring 
on residue E85 (Figure 5.5). The single deletion mutant ΔE85, as well as the double 
deletion mutants ΔH84-E85 and ΔE85-Q86 significantly reduced stimulating activity. A 
series of 3-residue deletion mutants spanning residues E78 to R92 in a single-step 
overlapping manner were constructed. Deletion mutants covering residues E78 to D83 
generated phenotypes that were reproducibly impaired in their stimulatory effect on 
RNAP. Similarly, ΔR90-R92 was significantly reduced in its effect. ΔF82-H84, ΔD83-
E85, ΔK87-K89 and ΔK89-C91 were not reproducible and will therefore not be 
discussed any further. ΔI88-R90 was slightly below wt TFIIB level. Strikingly, ΔH84-
Q86, ΔE85-K87, and ΔQ86-I88 showed robust super-stimulating phenotypes. All 
mutants with deletions exceeding 3 residues resulted in variable phenotypes probably 
because of a combination of reduced length and removal of crucial residues (Figure 
5.5B).  
Super-stimulation phenotypes upon deletion of residues in the unstructured region as  
predicted by both the B-finger model and the B-reader models suggest that shortening 
of this region results in conformational constraints that stabilise the TFIIB linker:RNAP 
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surface. Impaired mutants in the lateral zones probably include deletions of functionally 
crucial residues. Mutations with variable responses may target residues of functional 
importance but simultaneously shorten the unstructured region. This could result in a 
competition between beneficial and unfavourable effects explaining the observed 
variations. It could also indicate more unstable interactions that sometimes result in 
higher or lower activity (Figure 5.5A).  
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Figure 5.5: Performance of deletion mutants in abortive initiation assays. 
The stimulatory effect of mjTFIIB deletion mutants was calculated relative to wt TFIIB. Mutants with 
highly variable performance in separate experiments are indicated with a red star. Both diagrams show 
data obtained for mutants in one single experiment and therefore do not take into account variations 
observed in repeated experiments. Red dotted lines indicate the performance of wt TFIIB. 
A: The position of the deletion within the TFIIB linker region is indicated by a dot at the central point of 
the deleted residues (i.e. deletion of residues D83-E85 is centred at residue H84). Three-residue deletion 
mutants are plotted. Deleting three residues close to the N- or C-terminus leads to down-phenotypes, 
deleting three residues in the centre of this sequence region leads to super-stimulating phenotypes. In all 
three cases, phenotypes are stable. Regions of stability are separated by regions in which highly variable 
mutants are observed. 
B: Histogram showing performance of mutants relative to wt TFIIB.  
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5.5 Assessing interactions between the B-reader helix and the RNAP 
lid domain.  
5.5.1 Structural Background 
An interesting observation arises from the B-reader model (1.6.2): One residue of the 
yeast B-reader helix, W63 (corresponding to residue W79 in M. jannaschii), appears to 
be in close proximity to residue F252 (L228) of the RNAP lid domain. Together with 
another conserved B-reader residue, F66 (F82), these three residues appear to form a 
distinct hydrophobic pocket, from which it could be inferred that functional interactions 
may occur between these two domains (Figure 5.6B). W63 and F66 are highly 
conserved indicating their functional importance (Figure 5.6A, see section 3.2). 
However, F252 in the lid domain is less well conserved. Archaea, in particular, prefer L 
in this position whereas M can be found in D. melanogaster and H. sapiens, although a 
strong predominance of hydrophobic residues in this position is maintained in all 
species examined (Figure 5.6A). A more comprehensive alignment of 424 lid sequences 
confirms this observation: the vast majority of organisms that were inspected seemed to 
have a preference for non-polar but not aromatic residues in this position. The degree of 
conservation of this position is low in comparison to other residues of the lid domain 
(Carney, 2009, PhD thesis).  
 
 
 
 
Figure 5.6: The TFIIB B-reader helix and the RNAP lid domain are in close spatial proximity. (see 
next page) 
A: Sequence alignments of the RNAP lid domain and the TFIIB B-reader helix of selected archaeal and 
eukaryotic species. Key residues which are proposed to engage in protein-protein interactions are marked 
with arrows (yeast residue/M. jannaschii residue). Sequences were aligned in MultAlign, dark grey 
indicates high consensus, light grey indicates low consensus.  
B: The structure of a yeast TFIIB-RNAP co-complex shows that the TFIIB B-reader helix (yellow) passes 
directly underneath the RNAP lid domain (deepteal) with residues W63 (W79 in M. jannaschii, red) and 
F66 (F82, pink) forming a hydrophobic pocket with F252 (L228, orange) of the lid domain (based on 
open complex model, PDB 3K1F (Kostrewa et al., 2009)).   
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Figure 5.6: The TFIIB B-reader helix and the RNAP lid domain are in close spatial proximity. 
figure legend on previous page. 
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5.5.2 The lid domain and its role in strand separation 
As outlined in the introduction, the strand-loop-network consisting of the lid, rudder, 
zipper, switch domains and fork loop domains act in a concerted manner to i) drive 
strand separation, ii) maintain the transcription bubble during RNA polymerization, and 
iii) facilitate re-annealing of the DNA template and non-template strands (1.3.4). The lid 
domain, and, more specifically, its residue F252 (L228) has been proposed to be a key 
player in DNA-RNA strand separation (Figure 5.7A). These assumptions are based on 
structural data (Westover et al., 2004b), but have been difficult to prove biochemically 
given that RNAP lid variants are transcriptionally active - indicating that the catalytic 
mechanism of RNAP is not affected by the lid domain. Similarly, mutagenesis of 
individual residues of the lid domain has little effect on RNAP activity (Carney, 2009 
(PhD thesis); Toulokhonov and Landick, 2006). Other studies indicate that the lid 
domain affects early stages of promoter-dependent transcription in bacteria and archaea 
(Naji et al., 2008; Naryshkina et al., 2006). They suggest that the stability of open 
complexes is affected by the lid domain but that this activity is influenced by promoter 
strength (Toulokhonov and Landick, 2006). Similar results were obtained in the 
archaeal system where the absence of the lid domain prevented formation of stable 
closed complexes. Formation of short transcripts was observed however, when pre-
melted templates were used and when a TBP/TFB complex was present (Naji et al., 
2008).  
Elongation and termination occur normally in lid deletion mutants and the presence of 
the non-template strand in combination with a sufficient length of downstream DNA 
seems sufficient to dissociate the RNA transcript from the template strand (Naryshkina 
et al., 2006; Toulokhonov and Landick, 2006).  
 
Figure 5.7: Lid residue 252 seems crucial to drive DNA strand separation.(see next page):  
A: Lid residue F252 (L228 in M. jannaschii, orange) protrudes from the RNAP lid domain and is 
proximal to the upstream boundary of the DNA-RNA-hybrid. It has been suggested to act as a wedge to 
facilitate DNA strand separation (PDB code 1R9R (Westover et al., 2004b)). 
B: Merging elongation complex structure 1R9R with the open complex model of the yeast TFIIB-RNAP 
co-complex shows that the B-reader helix blocks the path of the DNA-RNA hybrid, whilst being in close 
proximity to the lid domain. A clash between the DNA-RNA hybrid and the B-reader may therefore occur 
(PDB 3K1F, open complex model (Kostrewa et al., 2009) and PDB 1R9R (Westover et al., 2004b), 
overlay created with Adobe Photoshop). 
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Figure 5.7: Lid residue 252 seems crucial to drive DNA strand separation. 
(figure legend on previous page) 
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5.5.3 Are lid domain and B-reader interactions required to drive DNA strand 
separation? 
The lid domain may function in concerted action with the B-reader helix. In this 
scenario, the lid domain alone would not be sufficient for DNA strand separation but 
would require TFIIB (e.g. to establish its required conformation). This would explain 
why lid deletions do not affect non-specific transcription from occurring in the absence 
of TFIIB, but would hamper promoter-specific transcription where TFIIB is obligatory.  
The lid domain and TBP/TFIIB in archaea, or region 3.2 of σ70 in bacteria could 
cooperate in a common mechanism for DNA strand separation involving a clash 
between the DNA-RNA hybrid and the initiation factors that block the RNA exit 
channel in the preinitiation complex (Naji et al., 2008; Toulokhonov and Landick, 
2006). It has been shown that this region 3.2 of bacterial σ70 in the RNA exit channel 
positively influences abortive transcription. Likewise, strong interactions between 
RNAP and promoter DNA enhance abortive transcription (Toulokhonov and Landick, 
2006). It has been reasoned that interactions between the lid and region 3 of σ70, are 
required to guide the DNA template strand to the RNA exit channel thereby stabilising 
the open complex. Additionally, the lid might contribute to fixing the position of RNA 
in the RNA exit channel (Toulokhonov and Landick, 2006).  
A similar role is proposed for the lid domain – TFIIB linker interactions. The 
hydrophobic pocket (5.5.1) could provide an anchor point to either keep TFIIB in place 
or to position the flexible lid loop accurately so that it can ‘drive’ DNA strand 
separation. Facilitating strand separation might explain how the TFIIB linker could 
influence RNAP catalytic activity – by contributing to stable open complex formation it 
favours transcript production. The transcription bubble could be additionally stabilised 
by contacts between the B-reader loop and/or the B-linker, so the DNA loop within the 
active centre maintains its proper dimensions and contacts the lid domain correctly. The 
TFIIB linker elements would thus act as a spacer and simultaneously provide anchor 
points. Another option is that linker elements might function to ‘drag’ the DNA into the 
active centre. A ‘block’ in transcription, due to a clash between the B-reader and the 
DNA-RNA hybrid, could potentially serve as a check point ensuring the stability of the 
transcription complex as well as the presence of a sufficient length of downstream DNA 
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before the transition to the elongating complex can occur. The fact that transcription can 
occur non-specifically in the absence of TFIIB points out that the mechanism in 
question is not essential, yet it still might provide a means for faster and presumably 
more stable transcription.  
In order to investigate whether the lid domain interacts with TFIIB, lid mutants were 
tested in non-specific abortive initiation assays in the presence of wt TFIIB. 
 
5.5.4 RNAP-A’-L228 mutants perform like wt RNAP in presence of TFIIB. 
Residue L228 of mjRNAP subunit A’ is homologous to residue F252 of the yeast lid 
domain (in RNAP subunit RPB1). A full set of mjRNAP A’-L228 mutants were 
prepared and tested by H. Carney (2009 (PhD thesis)). Most lid mutants showed the 
same, or slightly higher, activity as wt RNAP in full length transcription assays (2.6.1). 
Only A’-L228D and A’-L228E showed slightly lower activity performing at 50-60% of 
wt levels (Carney, 2009 (PhD thesis)).  
 
The complete set of RNAP-A’-L228 mutants were tested in the presence of TFIIB in 
abortive initiation assays (Figure 5.8A-C). Results reflected observations made for non-
stimulated RNAP, in that transcripts were produced at similar or slightly higher rates 
than wt RNAP and wt TFIIB. Only the lid mutants with negatively charged amino acid 
substitutions differed from previous observations (Carney, 2009 (PhD thesis)): Rather 
than performing at a lower rate than wt TFIIB, they performed at wt levels in TFIIB-
stimulated abortive initiation (Figure 5.8C). This suggests that these mutations affect 
RNAP processivity rather than initiation, so their reduced activity only becomes 
apparent when full-length transcription is assessed. 
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Figure 5.8: mjRNAP-A'-L228 mutants were tested in abortive initiation assays in the presence and 
absence of wt TFIIB. 
A: The activity of lid mutants in abortive initiation assays was tested in the absence of TFIIB. L228K and 
L228W were slightly more active and L228A performed like wt RNAP. The activity of the mutants was 
calculated relative to wt RNAP (=100%).  
B: The stimulatory effect of wt TFIIB on lid mutants was tested in abortive initiation assays. All three 
mutants are stimulated to a slightly higher extent than wt RNAP.  
C: The stimulatory effect of wt TFIIB on the full set of lid mutants was tested in abortive initiation 
assays. All mutants are stimulated to a slightly higher extent than wt RNAP.  
D: The stimulatory effects of wt TFIIB and of TFIIB W79D on both wt RNAP and A’-L228K were tested 
in abortive initiation assays. In both cases, A’-L228K performs at a slightly higher activity than wt 
RNAP. The net reduction in the stimulatory effect obtained in the presence of TFIIB W79D in 
comparison to wt TFIIB was, however, comparable.  
B-D: The stimulatory effect was calculated relative to wt RNAP + wt TFIIB (=100%).  
Mutants were tested in triplicate and error bars represent standard deviations. 
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5.5.5 Lid mutants respond to TFIIB variant W79D like wt RNAP. 
Residues other than W79 of mjTFIIB and L228 of mjRNAP might engage in protein-
protein interactions that are sufficient to maintain the interface between the B-reader 
helix and the lid domain. mjTFIIB W79D is severely defective in its ability to stimulate 
abortive transcription (5.4.3). If interactions between the lid domain and TFIIB are 
necessary to drive DNA strand separation it would seem plausible that a positive charge 
in its putative interaction partner (L228) could rescue this mutation. To address this, 
mjTFIIB W79D was tested in combination with RNAP A’-L228K in abortive initiation 
assays. This lid mutation however, did not counteract the mutation in TFIIB (Figure 
5.8D). 
Even though structural data (5.5.1) suggests interactions between the RNAP lid domain 
and the TFIIB B-reader helix seem imperative for transcription initiation, abortive 
initiation assays failed to provide evidence for their existence. This could either mean 
that TFIIB-lid interactions do not take place, however likely they may seem. Or, 
abortive initiation assays might not be the best method to investigate these interactions 
as their effect might only become apparent in a different context: The observation that 
the B-reader helix is required for start-site-selection might support the possibility that 
interactions between the B-reader helix and the lid domain are required to correctly 
position the B-reader helix. Consequently, other regions of the B-reader might establish 
further interactions e.g. with template DNA. The B-reader could thereby act as a 
molecular ruler to determine the transcription start-site. 
 
5.6 Hyperstimulation. 
5.6.1 Interactions between the B-reader helix and domains of the RNAP active 
centre. 
Considering the pronounced stimulation effect of TFIIB on RNAP activity, the question 
arose whether there is a physiological limit to abortive transcript generation. To address 
this, two superactive RNAP bridge helix mutants were tested in the abortive initiation 
assays in the presence of both wt TFIIB and a range of TFIIB variants.  
Structural data also suggest that interactions between the B-reader and the RNAP bridge 
helix may occur considering their proximity in the open complex. Such interactions 
could be required to drive the nucleotide addition cycle. Therefore, further questions 
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addressed here were i) whether superactive RNAP compensates for defective TFIIB 
phenotypes or ii) whether super-stimulating TFIIB effects are additive in combination 
with superactive RNAP.  
 
5.6.2 Superactive RNAP is hyper-stimulated by a super-stimulating TFIIB 
variant. 
Wt-like TFIIB mutants were incubated with superactive RNAP carrying an A’-S824P 
mutation with the bridge helix (provided by R. Weinzierl (Tan et al., 2008)). The degree 
of stimulation for wt TFIIB was only 3-4-fold compared to the more than 20-fold 
stimulatory effect achieved in combination with wt RNAP. Further differences between 
the mutants did not become apparent showing that superactive RNAP responded to 
TFIIB stimulation in the same way as wt RNAP (Figure 5.9A). Similarly, when mutants 
with distinct phenotypes (i.e. K87P and K87Y) were tested, the overall stimulation was 
only three-fold - identical to that of wt TFIIB. This finding strongly suggests that a 
physiological limit to the degree of stimulation applies that can not be exceeded (Figure 
5.9B).  Testing a superactive RNAP double mutant A’-Q823E/S824P (provided by R. 
Weinzierl) in combination with a super-stimulating TFIIB mutant ΔH84-Q86, on the 
other hand, resulted in an additional boost of transcript generation. This phenomenon 
was termed hyper-stimulation (Figure 5.9C). It seems likely, that the length of the B-
reader influences its performance in these experiments: A physiological limit may be 
reached with the full-length B-reader. Its stimulatory effect on superactive RNAP is 
minor compared to its effect on wt RNAP. For this reason even those mutants that are 
severely impaired in their function may boost superactive RNAP activity to its limit. 
This suggests that interactions required to reach this limit are unaltered. Shortening the 
B-reader domain on the other hand may constrain functionally important B-reader 
residues and reinforce interactions with certain active centre domains, thereby re-setting 
physiological limits. As shortening of the B-reader and thereby increasing the distance 
between the B-reader and the bridge helix suggests that interactions between these 
domains are unlikely. 
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Figure 5.9: Superactivity and Hyperstimulation. 
(for figure legend see next page) 
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Figure 5.9: Superactivity and Hyperstimulation. (see previous page): 
A: RNAP-A’-S824P is approximately 3-fold stimulated in the presence of wt TFIIB. This is much lower 
than the stimulation effect that TFIIB has on wt RNAP (>20-fold stimulation). TFIIB mutants with wt-
like activity stimulate RNAP-A’S824P to the same extent as wt TFIIB. 
B: K87P has only 30% of wt TFIIB stimulating activity whereas K87Y exhibits 130% of wt TFIIB levels. 
In combination with RNAP-A’-S824P both mutants perform as wt TFIIB suggesting saturation of the 
enzyme with TFIIB. 
C: RNAP-A’-Q823/S824P is another superactive RNAP variant generating a significantly larger number 
of abortive transcripts than wt RNAP. TFIIB variant DH84-Q86 has a super-stimulating effect on wt 
RNAP (with ~140% of wt TFIIB levels). In combination with RNAP-A’-Q823/S824P a ~3-fold 
stimulatory effect compared to wt TFIIB was observed. TFIIB DH84-Q86 also exerts a super-stimulating 
effect on RNAP-A’-Q823/S824P (140% in comparison to wt TFIIB) leading to hyper-stimulation. 
Superactivity, super-stimulation and hyper-stimulation were evaluated in comparison to the performance 
of wt RNAP in the presence of wt TFIIB. 
 
 
 
5.7 TFIIB point mutants modify the affinity of RNAP for one of its 
substrates. 
Selected mutants were tested in kinetic experiments to establish whether TFIIB variants 
act as allosteric effectors to alter the affinity for RNAP or the general reaction speed 
under saturating conditions. TFIIB was added in increasing concentrations to reactions 
with constant RNAP and substrate (GpC, rUTP, activated DNA) concentrations. 
Titrations of selected mjTFIIB mutants (H84D, E85H, Q86P, K87Y, K87P, E85A) were 
carried out at a range of concentrations. Stimulatory effects relative to 200ng (i.e. 
8ng/µl final concentration in a reaction volume of 25µl) of wt TFIIB were plotted 
against the respective amount of TFIIB in a Michaelis-Menten diagram (Figure 5.10). 
For all the mutants tested saturation curves were obtained that differed both in Km and 
vmax values. This suggests that mutation of TFIIB variants either affects the affinity of 
the TFIIB variants for RNAP or alters the affinity of RNAP for one of its substrates. In 
both cases, the overall frequency of transcription initiation is changed. Results obtained 
here mirror results of the mutagenesis screen with the exception of H84D which had a 
lower rate of abortive transcript production than previously observed – this residue 
might also demonstrate a similar variability as described above for some of the other 
mutants. K87Y, K87P and Q86P showed the strongest deviations from wt TFIIB. K87Y 
displayed a smaller Km and a higher vmax whereas K87P and Q86P showed a much 
bigger Km and a very low vmax. Conclusively, this experiment showed that mutation of 
TFIIB either affects the affinity of the TFIIB variants for RNAP or alters the affinity of 
RNAP for one of its substrates (i.e. UTP, GpC, or DNA) which determines the rate of 
transcription initiation.  
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5.8 Overview. 
Results presented in this chapter show that the B-reader affects RNAP activity 
allosterically possibly by increasing its affinity for one of its substrates. This effect is 
altered upon mutation of certain B-reader residues. An attractive candidate substrate is 
the DNA template. The following chapter will address the questions i) whether TFIIB 
mutations affect its ability to bind RNAP or ii) whether the actual allosteric mechanism 
is affected. 
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Figure 5.10: Kinetics of abortive initiation in the presence of TFIIB variants. 
The stimulatory effect of mjTFIIB variants on abortive transcription was tested. TFIIB variants were 
added to abortive initiation reactions in increasing amounts and the stimulatory effect was calculated 
relative to the effect reached by wt TFIIB at 200ng (i.e. under saturating conditions). The saturation curve 
of wt TFIIB is depicted in red with vmax, vmax/2 and Km as indicated.  
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Chapter 6:      Binding activity of TFIIB. 
 
6.1 Background. 
Structural and biochemical data described in section 1.6 provide accumulating evidence 
that the TFIIB linker engages in interactions with the RNAP surface (e.g. with 
functional domains of the RNAP active centre) that may additionally stabilise 
TFIIB/RNAP/DNA complexes and thereby favour transcription initiation. Another 
interesting view is that TFIIB increases the affinity of the RNAP/TFIIB complex for the 
DNA template since protein-DNA interactions seem plausible given the proximity of 
the B-reader to DNA especially in the open complex (Figure 6.1B). Such protein-DNA 
interactions (in a similar manner as occurs between σ-factors in the bacterial system) 
may explain how residue R78 of the yeast TFIIB B-reader loop (R92 of mjTFIIB) is 
involved in promoter opening (Kostrewa et al., 2009). TFIIB-DNA interactions could 
thereby increase the overall affinity of the RNAP/TFIIB-complex for DNA, an effect 
dependent on key TFIIB residues. This, in turn, may explain the differences in the 
stimulatory activity observed with certain TFIIB mutants (5.4). 
 
 
 
 
 
 
Figure 6.1: The B-reader loop is involved in open complex formation. (see next page): 
A: Closed complex showing the TFIIB B-reader (and part of the TFIIB linker), DNA and the RNAP lid 
domain. The B-reader loop is distant to the DNA duplex. 
B: Open complex showing the TFIIB B-reader, the DNA template strand and the lid domain. The B-
reader loop is in close proximity to the DNA template suggesting potential protein-nucleic acid 
interactions. 
Residues potentially involved in the B-reader helix-lid interactions (5.5) are highlighted and labelled 
(yeast numbering). Structures are based on the closed and open complex models (Kostrewa et al., 2009, 
PDB code 3K1F). 
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Figure 6.1: The B-reader loop is involved in open complex formation. 
(for figure legend see previous page) 
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6.2 Objectives. 
Since TFIIB linker mutants affect the RNAP stimulatory activity differently (5.4), it 
was important to address whether this effect was due to  
I. the TFIIB linker elements actively involved in catalysis by increasing the 
affinity for one of the substrates of RNAP (e.g. DNA) or  
II. the linker mutations altering the RNAP recruitment function of TFIIB – with 
a deficiency in RNAP recruitment resulting in smaller numbers of RNAP 
molecules available to be stimulated by TFIIB.  
To investigate whether differences in the RNAP stimulatory activity are based on 
differences in the recruitment activity of TFIIB, gel-based RNAP recruitment assays 
(EMSAs, as described in 4.4 and 2.6.4) were carried out. Essentially, this type of assay 
evaluates i) the formation of RNAP/TFIIB/TBP complexes and ii) the binding of these 
complexes to DNA. As complexes were resolved on Native PAGE, differences in the 
number of complexes may reflect i) the loss of the recruitment activity of TFIIB or ii) 
the destabilisation of the RNAP/TFIIB/TBP/DNA complex. For this reason, another 
objective was to characterise the stability of the RNAP/TFIIB/TBP/DNA complex.  
 
 
6.3 Optimization of parameters. 
6.3.1 Adjustment of protein concentrations. 
A few parameters required optimizing in order to obtain the best signal intensity in 
EMSA experiments. Firstly, the concentrations of all protein components were adjusted. 
 
TBP concentrations. 
According to the stepwise assembly model (1.4.5), TBP nucleates formation of the PIC 
by first binding to the promoter and recruiting TFIIB which, in turn, recruits RNAP. 
TBP is thus an essential component of the EMSA experiments. To determine optimal 
TBP concentrations, TBP was titrated against constant TFIIB and RNAP 
concentrations. Very small amounts, i.e. a final concentration of 2ng/µl of TBP resulted 
in the highest signal intensity for RNAP/TFIIB/TBP/SSV T6* complexes where SSV 
T6* represents the labelled DNA. This was inversely proportional to the formation of 
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the TBP/SSV T6 complex, the signal intensity of which increased with increasing TBP 
concentrations (Figure 6.2). This indicates preferential binding of TBP to DNA (SSV 
T6*) and that a maximum amount of RNAP/TFIIB/TBP/SSV T6 co-complex can be 
formed, even in the presence of excess TBP. 
 
RNAP concentration. 
Next, the RNAP concentrations were determined: RNAP was titrated into binding 
reactions with constant TBP and TFIIB concentrations at final concentrations of 65, 
130, 260 and 520ng/µl. Concentrations of ≥130ng/µl were found to be saturating. Hence 
for all the subsequent reactions, RNAP was used at 130ng/µl final concentration (Figure 
6.3). 
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Figure 6.2: Formation of RNAP/TFIIB/TBP/SSV T6 complexes: TBP titration. 
Formation of the RNAP/TFIIB/TBP/SSV T6 complexes was assessed using 130ng/µl RNAP, 130ng/µl 
TFIIB and mjTBP at the following final concentrations: 2ng/µl, 5.5ng/µl, 16ng/µl or 50ng/µl. The best 
signals were obtained using 2ng/µl TBP.  
 
 
 
 
 
 
Figure 6.3: Formation of RNAP/TFIIB/TBP/SSV T6 complexes: RNAP titration. 
Formation of RNAP/TFIIB/TBP/SSV T6 complexes was assessed using 2ng/µl TBP, 125ng/µl TFIIB and 
either 65, 130, 260 or 520ng/µl RNAP. Final RNAP concentrations ≥130ng/µl were saturating.  
A: EMSA showing complex formation on native gels. 
B: Quantification of the signal intensities obtained for RNAP/TFIIB/(TBP)/SSV T6* complexes. 
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TFIIB concentrations. 
Finally, the appropriate TFIIB concentrations had to be determined. In order to 
minimise experimental variations due to fluctuating protein concentrations it seemed 
sensible to carry out binding reactions with saturating amounts of TFIIB. A titration 
series was assessed with final wt TFIIB concentrations of 31.25, 62.5, 125, and 
250ng/µl. Figure 6.4 illustrates how all the TFIIB concentrations tested were saturating, 
hence signal intensities could not be increased with higher TFIIB concentrations.  
To further confirm that the reaction conditions established were appropriate to assess 
the effects of the TFIIB mutants, a titration series of wt TFIIB and TFIIB K87A (a 
mutant that showed enhanced recruitment activity, see 6.4.1) was performed. This was 
necessary because differences between the mutants might only become apparent where 
the signal intensity of TBP/TFIIB/RNAP/SSV T6* complexes responded linearly to 
TFIIB concentrations. Both, at very low concentrations and at saturating concentrations, 
the signal intensities of the TBPTFIIB/RNAP/SSV T6* did not differ sufficiently to 
discriminate between the effects of these two variants. Concentrations of 0.7-10ng/µl 
TFIIB per reaction, however, gave the best resolution in terms of distinguishing the 
effect of this mutation on TFIIB activity and also the highest signal intensity. In fact, 
saturating concentration levels decreased signal intensity (Figure 6.5). For these reasons 
all the following experiments were performed using 3.5-7ng/µl TFIIB per reaction.  
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Figure 6.4: Formation of RNAP/TFIIB/TBP/SSV T6 complexes: TFIIB titration. 
Formation of the RNAP/TFIIB/TBP/SSV T6* complex was assessed using 130ng/µl RNAP, 2ng/µl 
TBP,and either 31.25, 62.5, 125 or 250ng/µl TFIIB. All the TFIIB concentrations which were used were 
saturating. 
A: EMSA showing complex formation on native gels. 
B: Quantitation of the signal intensities obtained for RNAP/TFIIB/(TBP)/SSV T6* complexes. 
 
 
 
 
Figure 6.5: Formation of RNAP/TFIIB/TBP/SSV T6 complexes: Titration of wt TFIIB and of 
TFIIB K87A. 
Formation of RNAP/TFIIB/TBP/SSV T6 complexes was assessed using 2ng/µl TBP and 130ng/µl 
RNAP. TFIIB was titrated at the following final concentrations: 0.04, 0.16, 0.7, 2.7, 10 and 43ng/µl. Wt 
TFIIB and the TFIIB variant K87A were compared. Differences in RNAP recruitment were found to be 
most apparent in a range of 0.7-10ng/µl. Additionally, signal intensity was best in this range, whereas 
higher concentrations of TFIIB reduced signal intensity. 
A: EMSA showing complex formation on native gels. 
B: Quantification of the signal intensities obtained for RNAP/TFIIB/(TBP)/SSV T6* complexes. 
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6.3.2 Incubation time and reaction temperature. 
Other parameters that required optimization were incubation time and reaction 
temperature: A time course experiment was performed where binding reactions were 
incubated at 65ºC, and samples were taken after 4, 10, 20, and 40min. Heparin was 
added (as specified in 2.6.4) to the reaction as a competitor molecule to prevent non-
specific binding of proteins to DNA. Complex formation was linear within the time 
frame tested, allowing clear distinction between the recruitment abilities of wt TFIIB 
and K87A (Figure 6.6).  Longer incubation times (up to 120min, data not shown) still 
demonstrated linear amounts of complex formation. Samples were therefore routinely 
incubated for 40min with heparin being added after 20min to provide sufficient 
intensity of the supershift signals. 
 
The final parameter assessed was incubation temperature: Although, binding reactions 
were routinely carried out at 65ºC, it was feasible that higher or lower temperatures 
would increase stringency, facilitating distinction between the effects of different TFIIB 
mutants. To address this question, both wt TFIIB and TFIIB K87A were incubated at 
50ºC, 65ºC and 80ºC. Differences between the signal intensities were most obvious at 
65ºC since i) 50ºC also provided good signal intensity but did not permit differences 
between the variants to be distinguished and ii) 80ºC appeared detrimental to DNA 
binding of TBP and more significantly TFIIB and RNAP binding to DNA (Figure 6.7).  
 
All mutants were tested in triplicate in the presence of TBP. Wt TFIIB in the absence 
and presence of TBP was included as negative and positive controls, respectively. 
Recruitment ability was calculated relative to wt TFIIB in the presence of TBP, where 
background signals (wt TFIIB in the absence of TBP) were subtracted.  
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Figure 6.6: Formation of RNAP/TFIIB/TBP/SSV T6 complexes: Time course. 
Formation of RNAP/TFIIB/TBP/SSV T6 complexes was assessed using 2ng/µl TBP, 5ng/µl TFIIB and 
130ng/µl RNAP. Binding reactions were incubated at 65ºC and samples were taken after 0, 4, 10, 20, and 
40min. After half the incubation time had elapsed, heparin was added at a final concentration of 33.3ng/µl 
to prevent non-specific binding.  
A: EMSA showing complex formation on native gels. 
B: Quantification of the signal intensities obtained for RNAP/TFIIB/(TBP)/SSV T6* complexes. 
 
 
 
 
Figure 6.7: Formation of RNAP/TFIIB/TBP/SSV T6 complexes: different reaction temperatures. 
Formation of RNAP/TFIIB/TBP/SSV T6 complexes was assessed using 2ng/µl TBP, 5ng/µl TFIIB and 
130ng/µl RNA. Binding reactions were incubated at 50ºC, 65ºC and 80ºC. Differences in signal 
intensities for wt TFIIB or TFIIB K87A were greatest at 65ºC. Higher incubation temperatures were 
detrimental to binding reactions whereas specificity was insufficient at lower temperatures. 
A: EMSA showing complex formation on native gels. 
B: Quantification of the signal intensities obtained for RNAP/TFIIB/(TBP)/SSV T6* complexes. 
 
Chapter 6: Binding activity of TFIIB. 
 189
6.4 The effects of TFIIB mutants in the recruitment assays.  
6.4.1 Recruitment and stimulatory activities of alanine scan variants 
approximately correlate.  
The alanine mutants generated in 5.4.2 were tested in EMSA experiments and their 
recruitment activity was compared to their stimulatory activity in order to establish 
whether the two properties correlate.  
Residues on either end of the examined sequence seemed more affected by alanine 
substitution than residues in the centre of the sequence (i.e. the B-finger tip or the N-
terminal half of the B-reader loop, 1.6). In a similar manner to that observed in the 
abortive initiation assays, the degree of residue conservation (3.2) roughly correlated 
with their sensitivity to mutations. Mutations at most positions lead to more than 50% 
reduction in their recruitment activities with residues E78, W79, F82, R92, V93 and 
G94 being most affected. Wt-like activity was observed with C91A. Positions 81 and 95 
were assumed to have wt-like activity since they naturally contained alanine residues. 
To get a better idea of the sensitivity of these positions to substitution, A81S and A95S 
variants were constructed and tested in the EMSA experiment and found to perform at 
66% and 80%, respectively, compared to wt TFIIB (not shown) suggesting both 
positions are relatively insensitive to substitutions in comparison to other alanine 
mutants. TFIIB K87A showed the highest recruitment activity of the alanine mutants 
reaching ~140% of wt levels (Figure 6.8).  
Figure 6.9 shows results from the abortive initiation (5.4) and recruitment assays 
approximately correlate. Overall, more pronounced effects were observed in the 
recruitment assays than in the abortive initiation assays, suggesting the EMSA may be 
more sensitive - probably due to the stringency of native PAGE. Notably, K87A which 
displayed enhanced recruitment activity only exhibited wt levels of RNAP stimulation, 
demonstrating that higher recruitment does not simply result in greater stimulatory 
activity. The super-recruiting phenotype of this mutant was surprising considering that 
substitution of most other amino acid residues resulted in defective recruitment, 
suggesting that substitution of K87 must reinforce interactions that stabilise the 
TBP/TFIIB/RNAP/SSV T6 complex.  
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Figure 6.8: EMSA: Alanine scan. 
A: Sample gel of a typical EMSA experiment to analyse the RNAP recruitment activity of the mjTFIIB 
mutants. Mutants were tested in triplicate, wt TFIIB in the absence and presence of TBP was included as 
negative and positive controls. TBP/SSV T6* and RNAP/TFIIB/TBP/SSV T6* complexes are labelled.  
B: Recruitment ability of mjTFIIB alanine mutants was calculated relative to wt TFIIB (in the presence of 
TBP). Background (wt TFIIB – TBP) was subtracted. Mutants were tested in triplicate and error bars 
represent standard deviations. 
 
 
 
Figure 6.9: RNAP recruitment and stimulatory activity of the alanine mutants. 
Recruitment and stimulatory activities of the mjTFIIB alanine mutants were calculated relative to wt 
TFIIB. Mutants were tested in triplicate and error bars represent standard deviations. 
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6.4.2 Mutations in K87 create a recruitment hot-spot. 
Being part of the unstructured B-reader loop, residue K87 is not widely conserved, 
although archaea prefer either a K or R side chain at this position (3.2). However, this 
residue seems to be located proximal to the DNA template (see 7.3.2 for further details). 
The enhanced recruitment activity of K87A was surprising given that alanine 
substitution at positions surrounding this residue shared reduced recruitment function, 
suggesting that K87 may be a crucial residue modulating RNAP recruitment and/or 
DNA binding. In order to investigate this further, the full library of K87 mutants were 
tested in the recruitment assay and the results compared to those obtained in the 
stimulation assay.  
 
The stimulatory effect of most of the K87 mutants in the abortive initiation assay was 
wt-like, akin to the results obtained in the recruitment assays (with most like wt or 
better), a major exception being K87P, which was severely reduced in its stimulatory 
effect. This result was similarly observed in the recruitment assays, where K87P was 
almost completely impaired in RNAP binding. The recruitment phenotype of K87A was 
mild compared to some other K87 mutants that showed enhanced recruitment 
efficiency, most notably with aromatic (i.e. K87F, K87Y and K87W), long aliphatic 
(K87L, K87M) or positively charged (K87R, K87H) amino acid substitutions (Figure 
6.10). None of these amino acid substitutions resulted in enhanced stimulation 
phenotypes indicating that K87 may represent a key residue for recruitment, but not 
RNAP stimulation. The chemical properties of those amino acids resulting in super-
recruiting phenotypes at position 87 could all favour interactions with the DNA 
template suggesting a possible role of this residue in DNA binding (see 7.3 for further 
discussion). 
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Figure 6.10: A subset of K87 mutants are enhanced in their recruitment activity. 
A: EMSA showing the enhanced recruitment activity of K87F, K87Y and K87W. Mutants were tested in 
triplicate, wt TFIIB in the absence and presence of TBP was included as negative and positive controls, 
respectively.  
B: Recruitment and stimulatory activities of the mjTFIIB K87 mutants were calculated relative to wt 
TFIIB. Mutants were tested in triplicate and error bars represent standard deviations. Wt TFIIB is 
indicated in blue. 
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6.4.3 Q86, I88 and C91 mutants confirm that the enhanced recruitment activity 
of K87 is a localized effect. 
To investigate whether the super-recruiting effect was limited to residue K87, full 
libraries of the two adjacent residues, Q86 and I88, were tested. In addition, since C91A 
performed similar to wt in stimulatory activity but was not reduced in recruitment 
function, a full set of C91 mutants were also tested. Results obtained in the recruitment 
assays were compared to those obtained in the abortive initiation assays. The 
recruitment activity of these mutants, in a similar fashion to K87, approximately 
correlated with their stimulatory effects on abortive initiation. Most mutants were 
impaired in their recruitment activity, however a few reach wt or slightly increased 
levels (e.g. I88L). Intriguingly, C91Q showed severely reduced recruitment activity in 
combination with a mild super-stimulating function in the abortive initiation assays 
suggesting that either i) C91Q supports relatively unstable RNAP complexes that can 
not be resolved by native PAGE or ii) C91Q is more effective at simulating RNAP than 
wt TFIIB (Figure 6.11). None of the mutants tested here displayed a super-recruiting 
phenotype that was as dramatic as that observed for several of the K87 mutants thus 
providing additional evidence that the super-recruiting activity is associated specifically 
with residue K87. 
 
 
 
 
 
Figure 6.11: Q86, I88, and C91 mutants are not enhanced in their recruitment activity. (see next 
page): 
Recruitment and stimulatory activity of the mjTFIIB mutants were calculated relative to wt TFIIB. 
Mutants were tested in triplicate and error bars represent standard deviations. Wt TFIIB is indicated in 
blue. 
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Figure 6.11: Q86, I88, and C91 mutants are not enhanced in their recruitment activity. 
(for figure legend see previous page)
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6.4.4 Super-stimulating deletion mutants do not show enhanced recruitment 
activity. 
The discrepancy between the stimulation and recruitment phenotypes of the K87 
mutants might indicate that i) binding of the SSV T6 promoter DNA probe by the 
RNAP/TFIIB/TBP complexes is more stable, and therefore a proportion of them are 
stalled (here and sections 6.5.1 and 6.5.1) or ii) the TFIIB variants confer DNA binding 
specificity on the complex which becomes irrelevant once non-specific templates are 
used (6.5.3). As a first step towards investigating the stability of the 
RNAP/TFIIB/TBP/DNA complex, deletion mutants with super-stimulating activity 
were examined in the recruitment assay. Figure 6.12 illustrates how none of the three 
mutants tested displayed super-recruiting activity. These results complement 
observations made with the K87 mutants suggesting interactions formed between K87 
and (presumably) DNA are so strong that transcription initiation is not favoured. In the 
case of the deletion mutants, transcription initiation is favoured since the complexes 
may be stable but not stalled. The overall correlation between the recruitment and 
stimulatory activities is in good agreement with this hypothesis. 
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Figure 6.12: Super-stimulating mutants are wt-like in their recruitment activity. 
A: EMSA showing wt-like recruitment activity of three deletion mutants with a super-stimulating effect 
on abortive initiation. Mutants were tested in triplicate. Wt TFIIB in the absence and presence of TBP 
was included as negative and positive controls, respectively. None of the mutants show enhanced 
recruitment activity. 
B: Recruitment and stimulatory activities of mjTFIIB deletion mutants were calculated relative to wt 
TFIIB (=100%). Mutants were tested in triplicate and error bars represent standard deviations.  
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6.5 Characterization of TFIIB-DNA interactions. 
6.5.1 Differences in recruitment are due to differences in stability of 
RNAP/TFIIB/TBP-DNA complexes. 
To confirm that the enhanced recruitment activity observed with the K87 mutants but 
not with the deletion mutants is due to differences in the stability of the 
RNAP/TFIIB/TBP/SSV T6 promoter complex, a competition experiment was 
performed. Wt TFIIB and two TFIIB variants, ΔH84-Q86 and K87W, were incubated 
under the normal reaction conditions (2.6.4) for 20min, after such time unlabelled SSV 
T6 promoter probe was added at 400-fold excess. Samples were then removed after 0, 
15, 30, 45 and 60 min and complex formation was assessed.  
With all three TFIIB variants, a similar number of RNAP/TFIIB/TBP/DNA complexes 
formed prior to adding ‘competitor DNA’. Signal intensity dropped dramatically 15min 
after addition of unlabelled probe. The amount of complex observed differed 
substantially between the three variants, with RNAP/TFIIB K87W/TBP/SSV T6 
complexes being ~4x more stable than RNAP/wt TFIIB /TBP/SSV T6 or RNAP/ΔH84-
Q86/TBP/SSV T6 complexes. This provides further support for DNA/TFIIB-linker 
interactions stabilising the RNAP/TFIIB/TBP/DNA complex. 
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Figure 6.13: Stability assay. 
A: Wt TFIIB and TFIIB variants ΔH84-Q86 and K87W were incubated with RNAP, TBP and labelled 
probe under the usual binding conditions (2.6.4). After 20min, unlabelled probe was added at 400-fold 
excess as a competitor. Samples were taken after 0, 15, 30, 45 and 60min. Signals at 0min after 
competitor addition were similar in all three cases. Addition of competitor DNA disrupted the number of 
RNAP/TFIIB/TBP/DNA complexes, however K87W still seemed less affected than wt TFIIB and ΔH84-
Q86, indicating more stable binding of this mutant to DNA.  
B: Quantification of the signals obtained for RNAP/TFIIB/TBP/SSV T6 complexes confirms a higher 
degree of binding stability for TFIIB K87W. 
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6.5.2 TFIIB/RNAP complexes bind DNA in the absence of TBP. 
TFIIB could confer affinity to the DNA template on the RNAP/TFIIB/TBP complex by 
i) stabilising interactions between TBP and the DNA template or ii) by increasing the 
affinity of the TFIIB/RNAP complex to the DNA template. To further unravel the role 
of TFIIB in stabilising RNAP/TFIIB/TBP/DNA complexes, the ability of TFIIB/RNAP 
complexes to bind DNA was investigated.  
 
Control reactions where TBP is omitted from the reaction only yielded a small number 
of RNAP/TFIIB/DNA complexes that migrate differently to the 
RNAP/TFIIB/TBP/DNA complex (e.g. Figure 6.8). This suggests that the RNAP/TFIIB 
complex is capable of binding DNA, but TBP is required to stabilise the complex. To 
prove this, wt TFIIB and TFIIB K87W were assayed for DNA binding both in the 
absence and presence of TBP. Both TFIIB variants were able to form 
RNAP/TFIIB/DNA complexes in the absence of TBP. In the case of wt TFIIB, the 
number of RNAP/TFIIB/SSV T6 complexes corresponded to ~10% of the number of 
RNAP/TFIIB/TBP/SSV T6 complexes. However, K87W was capable of forming 
RNAP/TFIIB/SSV T6 complexes with much higher efficiency, comparable to that of 
RNAP/wt TFIIB/TBP/SSV T6 complexes. Addition of TBP to the K87W reaction 
increased the number of complexes (~4-fold) (Figure 6.14). A similar result was 
obtained with the K87Y mutant (not shown). 
 
These data suggest that certain residues in the TFIIB linker can interact with DNA and 
that mutating these residues changes the amount of RNAP/TFIIB/TBP/DNA complex 
formed. 
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Figure 6.14: TFIIB binds DNA in the absence of TBP. 
A: EMSA showing RNAP recruitment and DNA binding activities both in the absence and presence of wt 
TFIIB and K87W. K87W forms RNAP/TFIIB/DNA complexes in the absence of TBP at a similar 
efficiency as wt TFIIB in the presence of TBP.  
B: RNAP/TFIIB/(TBP)/SSV T6* signal quantification demonstrated that K87W is capable of forming 
RNAP/TFIIB/DNA complexes in the absence of TBP. Wt TFIIB forms the same type of complex in the 
absence of TBP at a much lower efficiency. The presence of TBP increases binding of wt TFIIB/RNAP to 
DNA by a factor of ~10 and binding of K87W/RNAP to DNA by a factor of ~4. K87E is not included in 
the graph. Samples were tested in triplicate and error bars represent standard deviations. 
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6.5.3 TFIIB-DNA interactions are specific but only partially depend on the BRE 
and TATA box. 
K87 mutants demonstrating enhanced recruitment activity contained aromatic or 
positively charged amino acid substitutions. It therefore seemed feasible that 
interactions with DNA occurred in a non-specific manner based on hydrophobic or 
ionic interactions. If this was the case, interactions between DNA and K87 mutants 
would occur irrespective of the DNA sequence. In order to investigate whether the 
observed interactions were specific, formation of RNAP/TFIIB/DNA and of 
RNAP/TFIIB/TBP/DNA complexes were assessed on three variants of the SSV T6 
promoter.  
 
First, binding to a scrambled SSV T6 promoter was investigated. To this end, the SSV 
T6 promoter sequence was fed into a sequence randomizer 
(http://www.cellbiol.com/scripts/randomizer/sequence_randomizer.html) that arbitrarily 
changed the order of bases (Figure 6.15C). Binding of RNAP/wt TFIIB and of 
RNAP/TFIIB K87W both in the absence and presence of TBP was tested and compared 
to binding to the intact SSV T6 promoter.  
 
TBP was still capable of binding to the scrambled sequence, which was probably due to 
a TATA-box-like consensus sequence that was generated by the sequence randomizer. 
Both the RNAP/wt TFIIB and the RNAP/TFIIB K87W complex were almost 
completely incapable of binding to the scrambled promoter sequence independent of the 
presence of TBP. However, a minor number of RNAP/TFIIB/scrambled SSV T6(scrambled 
sequence) and RNAP/TFIIB/TBP/ SSV T6(scrambled sequence) complexes were observed 
although the signal intensities of these complexes were negligible in comparison to the 
corresponding ones obtained in the presence of the intact SSV T6 promoter (Figure 
6.15A and B). This indicated that the sequence content is essential for TFIIB linker-
DNA interactions.  
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Figure 6.15: Specificity of the recruitment reaction: scrambled SSV T6 promoter. 
Wt TFIIB and K87W bind the SSV T6 promoter both in the absence and presence of TBP, however 
significantly more complexes are detected in the presence of TBP. TFIIB binding to the SSV T6 promoter 
occurs with high specificity: Scrambling of the promoter sequence abolishes TFIIB binding. TBP binding 
is still apparent probably because the scrambled promoter sequence contains a TATA-like sequence 
motif. 
A: EMSA of wt TFIIB and K87W binding to different probes. 
B: Signal quantification and comparison of binding activities to different probes. Signals were routinely 
adjusted according to the amount of probe used. RNAP recruitment was calculated relative to wt 
TFIIB/TBP/SSV T6 complexes which were assumed as 100%.  
C: Probe sequences used in this work. 
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Given the specific requirement of DNA, it seemed crucial to investigate whether the 
BRE and TATA-box elements were necessary for complex formation. The experiment 
was therefore repeated with the SSV T6 promoter probe but this time, the bases of the 
BRE/TATA-box were replaced by the corresponding purine or pyrimidine bases (i.e. A 
was exchanged for G and vice versa, T was exchanged for C and vice versa, Figure 
6.16C). Using this probe formation of RNAP/TFIIB/SSV T6(scrambled BRE/TATA box) and 
RNAP/TFIIB/TBP/SSV T6(scrambled BRE/TATA box) complexes were almost completely 
abolished, indicating a strong requirement for the presence of the TATA box and BRE 
sequence (Figure 6.16A and B).  
 
Taken together these results assume that the BRE and TATA box are required for 
specific DNA binding of TFIIB and that the BRE is likely to be of greater importance 
for TFIIB-DNA interactions than the TATA box given that in the scrambled promoter 
(Figure 6.15C) a TATA-box-like sequence was generated that had little effect on TFIIB 
interactions. However, in order to prove the importance of the BRE sequence, further 
experiments using a probe sequence with scrambled or a deleted BRE would be 
required. 
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Figure 6.16: Specificity of the recruitment reaction: SSV T6 promoter with scrambled BRE/TATA 
box. 
All bases of the BRE/TATA box were substituted by the respective other purine or pyrimidine base. 
Scrambling of the BRE/TATA box this way abolishes wt TFIIB binding. A small proportion of  TFIIB 
K87A and TBP are still capable of binding to this sequence. 
A: EMSA of wt TFIIB and K87W binding to different probes. 
B: Signal quantification and comparison of binding to different probes. Signals were routinely adjusted 
according to the amount of probe that was used. RNAP recruitment was calculated relative to wt 
TFIIB/TBP/SSV T6 complexes which were assumed as 100%.  
C: Probe sequences used in this study. 
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To finally investigate whether the BRE was the only sequence element required for 
DNA binding or if other sequence elements were needed as well, an SSV T6 variant 
was tested with an intact TATA box and BRE but with the remainder of the sequence 
being scrambled (Figure 6.17C). 
 
Binding of wt TFIIB to this sequence was again significantly reduced with ~3-fold less 
RNAP/wt TFIIB/SSV T6(scrambled promoter with intact BRE/TATA box) complexes obtained in 
comparison to RNAP/wt TFIIB/TBP/SSV T6(scrambled promoter with intact BRE/TATA box)  
complexes. Binding of TFIIB K87W was also impaired. The number of 
RNAP/TFIIB/(TBP)/ SSV T6(scrambled promoter with intact BRE/TATA box)  obtained here were 
considerably better than those obtained for the other two SSV T6 variants, though.  The 
RNAP/TFIIB/ SSV T6(scrambled promoter with intact BRE/TATA box) complex was approximately a 
third of the amount obtained using the intact SSV T6 promoter. In the presence of TBP, 
more RNAP/TFIIB/TBP/ SSV T6(scrambled promoter with intact BRE/TATA box)  complexes were 
observed although this number was approximately half of that obtained with the intact 
SSV T6 promoter (Figure 6.17A and B). This demonstrates that the presence of 
sequence elements other than the BRE and TATA box are required for TFIIB DNA 
binding.  
 
In summary, this series of experiments clarified that the sequence content of the probe is 
of major importance for TFIIB-DNA interactions. The BRE seems to be necessary but 
not sufficient to establish such interactions. Binding also seems dependent on other 
sequence elements. It seems plausible that these sequence elements are in close 
proximity to the start-site of transcription. To be certain about this, further investigation 
is required, it may, for example, be illuminative to alter the length of the promoter 
sequence or to test bona fide promoters of different strengths. 
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Figure 6.17: Specificity of the recruitment reaction: scrambled SSV T6 promoter with an intact 
BRE/TATA box. 
The BRE/TATA box was left intact whereas the remaining part of the sequence was randomised.  
Binding of wt TFIIB and TFIIB K87W is reduced but still quantifiable. Both wt TFIIB and K87W seem 
to require additional DNA contacts outside the BRE/TATA box to establish DNA binding.  
A: EMSA of wt TFIIB and K87W binding to different probes. 
B: Signal quantification and comparison of binding on different probes. Signals were adjusted according 
to the amount of probe that was used. RNAP recruitment was calculated relative to wt TFIIB/TBP/SSV 
T6 complexes which were assumed as 100%.  
C: Probe sequences used in this study. 
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6.6 Overview 
The combined data presented here suggest that the stimulatory activity of TFIIB is due 
to the greater affinity of the RNAP/TFIIB complex, in comparison to RNAP alone, to 
DNA. It seems likely that residues of the B-reader engage in direct interactions with the 
DNA template and that complex formation with RNAP is necessary for such 
interactions to be established since TFIIB has not been observed to bind DNA by itself 
(data not shown). Interactions between the B-reader and the DNA template may be non-
specific. It is, however, also feasible that specific interactions occur between 
appropriately positioned residues and elements of the promoter sequence (for further 
discussion, see section 7.3). 
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Chapter 7:      Discussion. 
 
 
7.1 Analysis of residues E78-A95 by means of high-throughput 
methods. 
 
7.1.1 Mutagenesis data complement structural data. 
Work presented in this thesis describes a detailed mutagenesis screen of residues E78-
A95 of the linker domain of the archaeal basal transcription factor TFIIB. Available 
structural data for a yeast orthologous protein have so far not succeeded in clearly 
identifying the mechanism of action of the TFIIB linker. Mutagenesis data presented 
here were obtained in a well-established model system for transcription research, with 
the aim of increasing our understanding of the TFIIB-RNAP interface thus 
distinguishing which of the two proposed models is more appropriate. 
 
7.1.2 High-throughput methods facilitate analysis of mjTFIIB. 
The technical goal of this project was to develop and apply automated methods to assist 
in cloning, purification and functional analysis of mjTFIIB. 
Methods for high-throughput cloning and protein purification were successfully 
developed (4.1 and 4.2). The fully automated purification procedure has become an 
established tool for this work. Recent developments such as automated plasmid 
purification (R. Weinzierl, unpublished results) pave the way for implementation of the 
cloning system on the robotic platform. 
Significant progress has been made towards the development of high-throughput 
procedures for abortive initiation assays (4.3). Conditions have been optimized to 
deliver good results for E. coli and T7 RNAP. For these two systems the assay is now 
ready for automation. The archaeal system has been less amenable to this type of assay 
because of the direct association of a PPase activity with archaeal RNAP that needs to 
be eliminated before the RNAP can be used. Early results, however, are very promising 
and strongly suggest that with minor changes the method will be adaptable to the 
archaeal system. 
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Promising early results have also been achieved regarding the development of a high-
throughput recruitment assay (4.4). It is likely that this assay can be automated within 
the near future when radioactively labelled probes are used. More ‘tweaking’ will be 
needed to adapt the system for the use of less sensitive fluorescently labelled probes. 
 
 
7.2 Clusters of functionally important residues and compliance with 
in silico predictions and with predictions of the two models. 
 
7.2.1 Experimental data render three clusters of residues as functionally 
important. 
In depth mutagenesis of residues E78-A95 of mjTFIIB highlighted three clusters of 
residues of particular interest. These include residues that have emerged as crucial in 
other systems as well. Thresholds were defined to classify residues according to their 
sensitivity to mutagenesis. In abortive initiation assays where full libraries of mutants 
were tested, residues were considered as ‘sensitive’ when at least five substitutions 
demonstrated less than 60% of the wt stimulatory effect in abortive initiation assays 
(compare 5.4.3). In the recruitment assays, those residues in which alanine substitution 
resulted in less than 30% or more than 120% of wt activity were considered as 
‘sensitive’. As above, for full sets of mutants, at least five substitutions had to be below 
or above these thresholds.  
Upon mutation, residues E78-R80 and R90-G94 were the most significantly impaired in 
their stimulatory and recruitment functions. These residues showed differing degrees of 
sensitivity with R92 and G94 being the most sensitive to substitution. Residue Q86 was 
more sensitive to substitution in the abortive initiation assays than its neighbouring 
residues. Largely, these results overlap with those obtained in the recruitment assays: 
here residues E78, W79, F82, K87, I88 and R90-G94 emerged as the most affected by 
substitutions. K87 was surprising since most amino acid substitutions at this position 
were tolerated and exhibited wt-like properties in abortive initiation assays, whereas a 
selected number of mutants performed better in the recruitment assays.  
The overall picture obtained from the comprehensive mutagenesis screen thus matches 
the data obtained in the yeast or human systems: in both of these systems, residues 
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homologous to E78-F82 and R92-V93 have been found to be crucial for transcription 
initiation (Thompson et al., 2009) or transcription start-site selection (Kostrewa et al., 
2009). Homologous residues to E78-F82 and D83-K89 have been reported to be in 
close proximity to the DNA template (Bushnell et al., 2004). This includes the yeast 
counterpart to K87. Residues D59 and D63 of human TFIIB have been proposed to 
coordinate Mg2+ ions (Tran and Gralla, 2008). Both residues lie within the unconserved 
B-reader loop and have yeast TFIIB equivalents but are not found in mjTFIIB. A 
summary of functionally important residues is given in Table 7.1. 
H. sapiens  S. cerevisiae  M. jannaschii  
E51  E62   E78   
W52  W63   W79   
R53  R64   R80   
T54  T65   A81  
F55  F66   F82   
S56  S67  --  
N57  N68  --  
D58  D69  D83  
K59  D70  H84  
--  H71  E85  
A60  N72  Q86   
T61  G73  K87   
K62  D74  I88   
D63  D75  K89  
P64  P76  R90   
S65  S77  C91   
R66  R78   R92   
V67  E79   V93   
D68  A80  G94   
S69  S81 A95   
Table 7.1: Summary of effects observed with mutations to TFIIB linker residues. 
Effects of mutations to TFIIB linker residues as observed in different systems are colour-coded: Blue: 
transcription initiation, red: PIC formation, yellow: transcription start site selection, green: contacts with 
DNA and purple: coordination of Mg2+ ions. Data is based on results obtained here and elsewhere 
(Bushnell et al., 2004; Kostrewa et al., 2009; Thompson et al., 2009; Tran and Gralla, 2008). Thresholds 
for results obtained for mjTFIIB are as defined in text. 
 
7.2.2 Experimental data correlate with in silico analyses. 
Experimentally obtained results overlap with the in silico predictions: FRpred results, in 
particular, which give information about the conservation of residues, can be taken as 
reliable indicators for the performance of mutants in the assays used in this study and 
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accordingly for their functional importance (3.2). FRpred results specifically 
highlighted residues E78-R80, F82, R92 and G94 as highly conserved. Mutant libraries 
of these residues contained larger numbers of significant phenotypes (according to the 
thresholds set in 7.2.1) then those of other residues. A discrepancy between 
experimental results and the in silico predictions arises in regard to the length of the 
inspected sequence: FRpred results suggest a strong conservation of length. It therefore 
seemed justified to assume that the exact length of the sequence may be equally as 
important for TFIIB linker functions as individual conserved residues are. This 
assumption was true for most deletion mutants that were assessed. A subset of them, 
specifically three residue deletions, resulted in variants that were enhanced in their 
stimulatory effect. The fact that not all three residue deletion mutants show this 
enhanced phenotype, suggests that deletion of residues is tolerated only when residues 
of functional importance are not excluded (7.3.3). 
 
Flexibility predictions (3.4) further stressed the importance of certain conserved 
residues. Mutagenesis of these residues altered flexibility particularly with respect to 
buried residues. It seems feasible that increased flexibility results in a loss of structural 
integrity that could explain the observed phenotypes. 
 
SNAP results present a particularly striking correlation of predictions with 
experimentally obtained results (3.3): the overall sensitivity to mutations that is 
predicted for each residue faithfully reflects their actual sensitivity in the abortive 
initiation and recruitment assays. Residues E78-D83 as well as residues R90 and R92-
A95 are predicted to display non-neutral phenotypes upon mutation (where the 
threshold is arbitrarily set at a minimum of 15 mutants with non-neutral phenotypes per  
total amino acid set). The central region of the inspected sequence is predicted to be 
relatively inert to mutations with the exception of Q86 and K89. For Q86 this is 
confirmed by the experimental data, whereas K89 performed similar to wt in both 
assays (5.4, 6.4). Some residues which were predicted to be sensitive, such as A95 did 
not display a significant number of distinct phenotypes when mutated. This, however, 
may be explained by the fact that these mutants were investigated in a small number of 
assays that analyse a limited set of functions. 
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7.2.3 Experimental data favour the B-reader model over the B-finger model. 
The B-finger and the B-reader models have conflicting predictions in terms of 
functionally important residues.  
According to the B-finger model, residues E78 and R92 should engage in a salt-bridge 
maintaining the hairpin-loop which the B-finger is predicted to adopt in the RNA exit 
channel. These residues are therefore considered as crucial. By implication, residues 
D83-K87 should also be of functional importance as they form the tip of the B-finger 
loop and as such are inferred to contribute to events occuring in the active centre. 
Experimental data obtained in both the recruitment and abortive initiation assays 
confirm the functional importance of these putative salt-bridge residues. However, the 
presence of a salt-bridge was not specifically investigated. Since mutations in adjacent 
residues also resulted in defective phenotypes, it seemed more likely that E78 and R92 
were part of a larger structural/functional feature, rather than constituting a distinct 
structural feature themselves. This further weakens somewhat unconvincing 
biochemical evidence for the existence of a salt bridge obtained elsewhere (Pinto et al., 
1994). The putative tip region (with the exception of residues Q86 and K87) is hardly 
sensitive to mutations. This is inconsistent with predictions of the B-finger model, but is 
in line with the in silico (3.2, 3.3, 3.4) and experimental data obtained in the human 
system  (Thompson et al., 2009). These results do not discount the physical presence of 
the B-finger in close proximity to the active centre but suggest that it is not sufficient to 
perform its proposed functions, especially given that substitution of the B-finger 
sequence by B-finger sequences from other organisms does not alter its function (5.4.1). 
Shortening of the B-finger can be assumed to move the tip residues out of the active 
centre (its predicted site of action), thereby abolishing its stimulating activity, however, 
super-stimulating phenotypes were observed (5.4.5). Discrepancies between predicted 
(based on the B-finger model) functionally important residues and residues that actually 
emerged as functionally important make it difficult to interpret observations in the 
context of the B-finger model.  
 
The B-reader model, on the other hand, localizes functionally important residues within 
the structured B-reader helix and the C-terminal half of the B-reader loop. The N-
terminal half of the B-reader loop appears unstructured and does not seem to 
substantially contribute to the TFIIB-RNAP interface. Shortening of the unstructured 
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loop as in the deletion mutants - without eliminating any crucial residues is likely to 
constrain the flexibility of the B-reader loop and thereby reinforce the positioning of 
functionally important residues (5.4.5). Experimental data presented here correlates well 
with the predictions of this model and also the in silico data. Biochemical data obtained 
in the human system is easily explainable on the basis of this model. Functions assigned 
to the B-reader helix and the C-terminal half of the B-reader loop may therefore help to 
interpret data obtained here.  
 
7.3 A model for B-reader functions. 
The B-reader model serves as a good platform for interpretation of the experimental 
data presented here. Some results however, were unexpected and allow speculation 
about the concerted action of the B-reader helix and B-reader loop.  
The data obtained here suggests that the structural/functional B-reader-RNAP interface 
relies on three types of interactions: i) protein-protein and protein-nucleic acid 
interactions within the RNA exit channel, ii) specific protein-DNA interactions between 
the DNA template and unconserved residues of the B-reader loop and iii) specific and 
non-specific protein-DNA interactions between the DNA template and conserved 
residues of the B-reader loop. 
 
7.3.1 Interactions within the RNA exit channel. 
The B-reader helix appears to be functionally important for both RNAP recruitment and 
abortive transcription (5.4 and 6.4).  
Structural data locate the B-reader helix within the RNA exit channel of RNAP – 
immediately underneath the lid domain. Interactions between F252 (or L228 in M. 
jannaschii) of the lid domain and W63 (W79) seemed possible but remain unconfirmed 
(5.5). This does not rule out that interactions between the lid domain and the B-reader 
helix occur: the lid domain is intrinsically unstructured and might accommodate 
mutations much more easily than the B-reader helix. Mutating the B-reader helix 
residues, on the other hand, might alter the conformation of the helix, thereby 
destroying the lid domain interface. Other interactions might also occur within the RNA 
exit channel, since the B-reader helix is close to the RNAP switch domains and the 
DNA template.  
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As outlined in 1.3.4, the RNAP switch domains are flexible elements connected to the 
clamp. The presence of the RNA-DNA-hybrid in the active centre is communicated to 
the clamp via the switch domains, which serve to close the clamp (via conformational 
rearrangements) and facilitate formation of the transcribing complex (Cramer et al., 
2001; Gnatt et al., 2001). Point mutations in switch 2 domain stimulate abortive cycling 
(at the expense of full-length transcript production) akin to TFIIB, which was 
interpreted as the switch region failing to stabilise the RNA-DNA hybrid within the 
active centre thus leading to increased release of premature transcripts (Majovski et al., 
2005; Trinh et al., 2006). Protein-protein interactions between the B-reader helix and 
RNAP might also serve as an anchor point to position the TFIIB linker. Loss of these 
interactions would also result in smaller numbers of transcriptionally competent 
complexes being formed.  
Interactions between the B-reader helix and DNA might also anchor the template strand 
in the active centre and could therefore be crucial for appropriate start-site selection 
(Figure 7.1). Interactions between yeast TFIIB linker residues 62 to 66 and positions -6 
to -8 of the DNA template have been proposed (Bushnell et al., 2004). The data set 
described here showing the loss of recruitment when the B-reader helix residues were 
mutated provides evidence for DNA - B-reader helix interactions. The observation that 
both abortive initiation and recruitment are affected by the B-reader helix mutations in 
mjTFIIB, does not allow discrimination between specific and non-specific interactions. 
Non-specific interactions would be inconsistent with the proposed role of the B-reader 
helix in transcription start-site selection, and the fact that mutation of positions -8 and -7 
of the promoter DNA result in loss of transcription (Kostrewa et al., 2009). Unlike the 
mjTFIIB linker, the yeast TFIIB linker domain does not contribute to PIC formation 
(Kostrewa et al., 2009). However, unlike yeast and human TFIIB, mjTFIIB mutants 
have not been confirmed to affect transcription start-site selection (Werner and 
Weinzierl, 2005). Whilst in eukaryotic systems recognition of specific residues may be 
required for ‘fine-tuned’ identification of the transcription start-site, mjTFIIB could 
engage in non-specific interactions with the B-reader loop acting as a molecular ruler to 
identify the transcription start-site. This would facilitate transcription initiation from a 
wider range of promoters.  
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Figure 7.1: Interactions in the RNA exit channel. 
The B-reader helix might engage in multiple interactions in the RNA exit channel. These could be 
protein-protein interactions with RNAP or protein-nucleic acid interactions with the DNA template. 
Examples for potential interactions are given: the side chains of residue F252 of the RNAP lid domain 
and residue W63 of the B-reader helix are potentially 4.2Å away from each other, whereas the DNA 
template is potentially 10.1Å from W63 or 3.3Å from R64. The B-reader helix might also engage in 
interactions with other RNAP domains such as the switch domains which are in close proximity (not 
shown). Finally, interactions might occur between the RNA transcript and the B-reader helix. Image 
based on the open complex model, 3K1F (Kostrewa et al., 2009), distances were calculated with PyMol. 
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7.3.2 Specific interactions between DNA and the B-reader loop. 
Residues of the B-reader loop appear sufficiently close to the DNA template in order to 
establish interactions (Figure 7.2). Bushnell et al. (2004) proposed that interactions 
between the yeast TFIIB residues 69 to 74 and the transcription start-site (+1, -1, -2) 
occur. Results obtained here show that a number of K87 mutants interact with the SSV 
T6 promoter both specifically and stably (even in the absence of TBP). Such promoter-
specific interactions are irrelevant for non-specific abortive initiation assays in which 
transcription is initiated from nicked DNA templates. This explains why an increase in 
the stability of promoter-specific interactions that is observed with certain mutants does 
not correspond to super-stimulation phenotypes. In a similar way this might explain 
why reduced recruitment functions as observed with C91Q can result in slightly 
increased stimulation of abortive initiation: the mutation might only affect specific 
interactions between cysteine and DNA that might not become apparent in non-specific 
assays. Alternatively, since recruitment was measured using Native PAGE analysis, 
weakened interactions may also correspond to less stable complexes, hence why a 
mutant could be wt-like for stimulatory activity and impaired in recruitment. The 
mutation may still support interactions but potentially different ones. The observation of 
a super-recruitment phenotype upon substitution of K87 renders lysine as suboptimal to 
establish specific interactions with DNA (6.4.2). This can be explained in three ways: i) 
lysine could be less compatible with the SSV T6 promoter than with archaeal 
promoters, ii) a suboptimal residue in this position is a regulatory mechanism: certain 
promoters might respond with strong interactions to a lysine residue in this position 
whereas others might respond with weaker interactions; this could provide a means for 
determining promoter strength, or iii), interactions between this residue and DNA are 
too stable, resulting in stalling of RNAP and preventing transcription initiation from 
occuring.  
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Figure 7.2: Interactions between the B-reader loop and the DNA template. 
The B-reader loop (modelled) is in close proximity to the DNA template. As it is intrinsically 
unstructured, the B-reader loop could only be traced as an alanine backbone. The positions of yeast 
residues corresponding to those residues that appeared as crucial in the M. jannaschii system are 
highlighted and distances of the modelled protein backbone to the DNA template strand are indicated. 
Because of the length of their side chains, important residues might be much closer to the DNA template 
than it appears in this figure. The yeast B-reader loop contains two additional residues than the M. 
jannaschii B-reader loop. The position of yeast residue H71 should correspond to residue K87 in M. 
jannaschii. R92 in M. jannaschii TFIIB corresponds to yeast TFIIB residue P75 in terms of numbering 
but to residue R77 in terms of homology. The two residues therefore give a rough indication of where 
R92 may be located in M. jannaschii TFIIB (image based on the open complex model, 3K1F (Kostrewa 
et al., 2009), distances were calculated with PyMol). 
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7.3.3 Interactions between DNA and the B-reader loop. 
Residue R77 in yeast (R92 in M. jannaschii) has been proposed to stabilise the 
transcription bubble. Mutation of this residue in P. furiosus impaired formation of the 
transcription bubble and interfered with transcription start-site selection (Kostrewa et 
al., 2009). Mutating the corresponding residue in M. jannaschii resulted in phenotypes 
that were defective in both recruitment and abortive initiation. Substitution of adjacent 
residues showed – to varying degrees – defective phenotypes as well. A possible 
explanation is that natural breathing of the DNA template allows for interactions to 
form between R92 and the DNA template. This could, in turn, shift the equilibrium so 
that DNA-protein interactions involving adjacent residues and an accordingly more 
open DNA template are favoured. The highly conserved residue R92 seems crucial in 
this scenario. Its positive charge can be assumed to be beneficial to establish 
interactions with DNA. However, mutants harbouring a K or H substitution at this 
position are defective. A possible explanation is that arginine has a longer side chain 
(Figure 5.3). The low tolerance to other amino acid substitutions with similar properties 
suggests that arginine engages in template-specific interactions. Adjacent residues, on 
the other hand, could have a supportive function in stabilizing the transcription bubble 
by engaging in non-specific DNA interactions.   
G94 is another residue that exhibits severe loss-of-function phenotypes upon mutation. 
Glycine is the smallest amino acid and is often required for the flexibility of structures. 
Introducing longer amino acid side chains into the B-reader loop might change the 
conformation of the loop and thereby direct R92 away from the DNA template. Proline 
is another amino acid that can cause kinks in the B-reader loop that would shift R92 out 
of its ideal position. Accordingly, phenotypes observed for proline substitutions in the 
C-terminal half of the B-reader loop are particularly severe. This explanation is also 
compatible with the super-stimulating phenotype observed with certain deletion 
mutants: the unstructured N-terminal portion of the B-reader loop whilst not appearing 
to contribute to any interactions might fulfil a regulatory function by accommodating 
alternative promoter structures. These mutants perform normally in the recruitment 
assays indicating that the wt B-reader loop may contain surplus length, potentially 
useful in the context of particular promoters, but not required for optimal transcription 
initiation. As in wt mjTFIIB interactions with the SSV T6 promoter seem 
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predominantly non-specific (specific interactions only become significant upon 
substitution of K87), the recruitment functions of these mutants are also not affected. In 
abortive initiation assays, however, a shortened B-reader loop might apply constraints 
on R92 which reinforce or alter interactions with the DNA template (Figure 7.3). 
 
7.3.4 mjTFIIB acts as an allosteric modulator. 
Residues D58 and D63 of the human TFIIB linker domain have been proposed to 
directly contribute to the processivity of transcription initiation by chelating magnesium 
ions (Tran and Gralla, 2008). The yeast TFIIB linker domain contains four aspartate 
residues, suggesting that a similar mechanism might exist. However, mjTFIIB lacks 
homologues of these residues and is therefore unlikely to employ such a mechanism. 
Rather, kinetic experiments (5.7) demonstrated that TFIIB may act as an allosteric 
modulator that increases substrate affinity of the PIC for components of the 
transcription reaction such as nucleotides or the DNA template. In combination with 
results obtained in the recruitment assays (6.5), the DNA template seems a likely 
candidate substrate for which affinity is enhanced.  
Greater affinity of complexes competent for transcription to the DNA template thus 
might be a first step towards increased catalytic efficiency. Another relevant mechanism 
is stabilisation of the transcription bubble mediated by residues of the B-reader loop. 
Stabilisation is probably initiated by breathing of the DNA template during which 
contacts between R92 and the DNA template are made. Subsequently, the transcription 
bubble is captured by adjacent residues forming contacts with the DNA template. The 
concerted action of these two mechanisms explains the increase in the rate of abortive 
initiation in the presence of TFIIB, as well as the decrease observed upon mutation of 
critical residues.  
Thus, as outlined in 5.1, the presence of TFIIB actively stimulates abortive initiation 
rather than passively causing it due to its presence in the RNA exit channel. A clash 
between the B-reader helix and the nascent transcript seems likely but can be assumed 
to be secondary to the actual stimulation effect.  
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Figure 7.3: The B-reader in the RNAP active centre. 
A full overview of interactions between the B-reader, RNAP and the DNA template is presented here: 
inside the RNA exit channel the B-reader helix might interact with the lid domain or the switch domains. 
The B-reader loop (modelled) might engage in specific and non-specific interactions with the DNA 
template. Due to its proximity to the Rudder additional protein-protein interactions might also take place 
as well (image based on the open complex model, 3K1F (Kostrewa et al., 2009)). 
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7.4 Functional overlap with eukaryotic TFIIF and TFIIE. 
Some functional aspects of the mjTFIIB linker residues overlap with functions of 
homologous eukaryotic proteins: as proposed for both human and yeast TFIIB, a role in 
transcription bubble stabilisation and contribution to early transcription initiation is 
likely.  
 
7.4.1 Recruitment functions. 
Unlike the B-readers from yeast or human TFIIB, mjTFIIB is clearly required to form 
stable PICs (Cho and Buratowski, 1999; Kostrewa et al., 2009; Thompson et al., 2009; 
Werner and Weinzierl, 2005; this work). Whereas the linker regions of most TFIIB 
homologues only engage in postrecruitment functions, a role for the linker region of 
mjTFIIB in PIC formation can be proposed here. The affinity of TFIIB to the DNA 
template does not only determine the number of transcriptionally competent complexes 
that are formed, but may also provide a mechanism of gene regulation. Specific 
interactions with nucleotides of gene promoters may determine the strength of a 
promoter and hence the frequency with which the associated gene may be transcribed. 
This function of archaeal TFIIB is reminiscent of bacterial σ factors (Borukhov and 
Severinov, 2002) but also of TFIIF which comprises a cryptic DNA binding site (Flores 
et al., 1991; Orphanides et al., 1996), although in other archaeal systems, TFIIB does 
not bind to DNA even at high concentrations (Hausner and Thomm, 2001). 
 
7.4.2 Post-recruitment functions.  
The mjTFIIB B-reader engages in post-recruitment functions which may include 
substrate affinity and transcription bubble stabilisation. Whereas the former function has 
not been described before in this context and therefore requires further investigation, a 
role for linker residues in transcription bubble stabilisation has been proposed in the P. 
furiosus and yeast systems (Kostrewa et al., 2009; Liu et al., 2009). By stabilizing the 
transcription bubble, TFIIB may functionally overlap with TFIIF, TFIIE and σ-factors. 
TFIIF has been suggested to engage in protein-DNA interactions during thermal 
breathing of the template (Orphanides et al., 1996). TFIIE has also been associated with 
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transcription bubble stabilisation and rescues the activity of TFIIB linker mutants 
(Kostrewa et al., 2009). The rescuing effect of TFIIE on TFIIB mutants has also been 
observed in the archaeal system (Werner and Weinzierl, 2005).  
 
7.4.3 Conclusion and future work. 
The interpretation of results obtained here in the light of structural studies has to be 
treated with caution. All the structures currently available are low resolution and lack 
the presence of nucleic acids so therefore do not provide sufficient information about 
potential interactions occurring between the TFIIB linker and RNAP or the DNA 
template (Bushnell et al., 2004; Kostrewa et al., 2009; Liu et al., 2009). Nevertheless, 
biochemical evidence provided here and elsewhere (Kostrewa et al., 2009; Thompson et 
al., 2009) is largely consistent with each other and with the in silico prediction data. A 
contribution of the mjTFIIB linker region to transcription bubble stability seems likely 
and is consistent with observations in other systems. DNA-protein interactions are 
likely to account for such interactions in a similar way as have been described for σ-
factors. Some of these interactions have been found to be specific and may also provide 
a means for promoter recognition. DNA-protein interactions have also been found to be 
crucial for PIC assembly. This is in contrast to observations in the eukaryotic system. 
To illuminate the nature of these interactions further investigation is required. This 
could include testing of alternative promoter sequences in combination with different 
mutants. To fully understand the contribution of the B-reader to abortive initiation 
several questions remain unanswered such as the identity of the substrate for which the 
presence of TFIIB increases affinity. Results of the recruitment assays suggest that 
affinity to the DNA template may be a major mechanism, however an increased affinity 
to substrate nucleotides or priming dinucleotides cannot be excluded at this stage.  
In summary, the work presented here confirms and substantiates some observations that 
have been made in eukaryotic systems but also adds unexpected details that help to 
understand the nature of the TFIIB-RNAP interface. 
 
In this study, the TFIIB linker mutants have only been tested in two assays. In order to 
obtain a more comprehensive picture of the functions of the B-reader, it will be 
necessary to examine certain findings (e.g. the proposed DNA binding activity of 
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TFIIB) in more detail and to investigate other aspects of the TFIIB linker-RNAP 
interface: 
 
I. The B-reader helix has been proposed to be involved in transcription start-
site selection (Kostrewa et al., 2009). This has not been observed with 
archaeal TFIIB (Werner and Weinzierl, 2005). To investigate this further, 
the TFIIB mutants constructed in this study could be assessed in start-site 
selection assays. Since the SSV T6 promoter used in previous studies is very 
strong and may have masked effects of mutations on start-site selection 
(Werner and Weinzierl, 2005), a weaker promoter should be used.  
II. To characterise the putative interaction between mjTFIIB residue K87 and 
DNA, EMSAs could be performed using further SSV T6 promoter variants 
(including such with deleted or scrambled BRE or such with different 
lengths) or different promoter sequences. 
III. To establish that interactions occur between DNA and K87, DNA-protein 
proximity assays such as UV-light crosslinking or Fe-BABE could be 
performed. 
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Figure 8.1: Alignment of B-reader domains generated by FRpred. 
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Figure 8.1: Alignment of B-reader domains generated by FRpred. 
(continued) 
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Figure 8.2 Stimulatory effect of the mjTFIIB point mutants on abortive transcription . 
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Figure 8.2 Stimulatory effect of the mjTFIIB point mutants on abortive transcription . 
(continued) 
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Figure 8.2 Stimulatory effect of the mjTFIIB point mutants on abortive transcription . 
(continued) 
Point mutants were assessed in abortive initiation assays and compared. To facilitate comparison of the 
mutants, the stimulatory effects that were achieved were calculated relative to the performance of wt 
TFIIB (=100%). Background was subtracted. In each histogram, wt TFIIB is depicted in dark grey. A 
stimulation effect of 100% is marked by the red dotted line. Those mutants which performed differently 
in independent assays are labelled with a red star. All diagrams present data of single experiments and 
error bars represent standard deviations calculated for triplicate reactions. 
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